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Distributed non-potable water reclamation (DNWR) is emerging as a new model that couples local 
water resources with local users, tailoring local water treatment to the needs of the end-users. Yet, there 
are barriers that must be addressed—DNWR plants are likely to be near homes and businesses, and the 
application of the reclaimed water for uses like irrigation or ground/surface water augmentation has the 
potential to directly impact local residents and the environment. Because of the potential impacts to 
human health and utilities’ risk-aversion, communities are slow to adopt new technologies for reclamation. 
Thus, novel operation and applications of established technologies are needed to advance DNWR. 
An additional challenge for DNWR facilities is the higher energy use per unit of water treated. Studies 
show that the energy required for wastewater treatment increases by 65% when flows decrease from 38 
to 3.8 million liters per day (ML d
–1
) (10 Mgal d
–1
 to 1 Mgal d
–1
). The low energy efficiency is exacerbated 
by lack of technologies for energy recovery from wastewater—energy recovery from solids is infeasible 
for facilities treating less than 19 ML day
–1
 (5 Mgal d
–1
). 
Sequencing batch bioreactor (SBR) is an activated sludge technology recognized as a reliable and 
robust biological process, well-suited for small facilities. An SBR system was used in this study to 
investigate unique tailored water treatment options: enhancing the primary clarification prior to SBR 
treatment to produce nutrient-rich water for irrigation (fertigation) and improve energy recovery, and 
changing the operating condition in the SBR to reduce the energy used by aeration blowers. A bench 
scale SBR coupled with conventional primary clarification (CPC) was operated under hypoaerobic 
conditions (low dissolved oxygen (DO) concentration) during the aeration. The blower run time and 
removal efficiency of pollutants were monitored and compared to baseline operation (high DO 
concentration). Subsequently, a demo-scale SBR (7,000 gal d
–1
) coupled with membrane filtration was 
used to repeat the investigation and more accurately control DO concentrations and measure energy 
savings. 
The bench-scale equipment was also used to investigate enhanced primary clarification (EPC) 
coupled with SBR to produce fertigation water. Testing continued for 114 days during which time the 
blower run time and nutrient concentrations of the effluent were monitored. The long-term testing 
established the viability of treatment, and effluent concentrations were commensurate with target values. 
EPC and CPC results, in conjunction with modeling and analysis of solids from a wide variety of 
wastewater treatment systems were used to investigate enhanced energy recovery from wastewater at 
distributed wastewater treatment facilities. A model of air-blown gasification was developed and validated, 
and solids samples from wastewater facilities were collected and analyzed for thermal properties. The 
model calculated the energy production potential for solids produced by standard wastewater treatment 
(i.e., CPC-SBR), and for sludge produced by an EPC-SBR system. Air-blown gasification was 
economically feasible for plants with flows greater than 8 ML d
–1
 (~2 Mgal d
–1
), and although the source of 
the solids did not substantially change their energy content, the reduction in the mass of solids produced 
by EPC-SBR treatment reduced the overall plant energy production potential. Overall, this research 
 iv 
focused on employing novel applications of existing commercially developed technologies to address the 
challenges of DNWR facilities. The results demonstrate that slight changes to operating conditions can 
reduce energy use and produced two different reuse waters, and the evaluation of air-blown gasification 
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CHAPTER 1  
INTRODUCTION 
 
Producing and distributing reclaimed water for non-potable reuse requires a conveyance system 
separate from potable drinking water system; and the cost of construction alone is often prohibitive. This 
is reflected in a report prepared by the United States Environmental Protection Agency (US EPA) 
addressing water infrastructure needs.
1
 The report listed construction costs for water distribution system: 
a water transmission main with 24-30” diameter costs $240 per linear foot to construct, and a 6” 
distribution line costs up to $67 per linear foot for construction. Chung et al.
2
 noted that when the service 
area covers a range of elevations or is a large area, piping and pumping costs of reclaimed water may 
exceed cost of distributed non-potable water reclamation (DNWR) plants). 
Distributed water reclamation is emerging as a new paradigm that couples local water resources with 
local users—tailoring water treatment to the needs of the end-users. For example, water used for 
environmental restoration requires the nutrient content of the effluent to be reduced to avoid 
eutrophication and harm to aquatic life, while irrigation benefits from nutrients left in reclaimed water. 
Currently in centralized settings, all water is treated to the highest degree required by any single user, 
and the opportunity to recover and reuse nutrients is lost. 
Distributed water reclamation provides an additional benefit of avoiding construction and operation of 
a separate distribution system by reclaiming water on site, or near the end-user. A decentralized strategy 
is highly suitable for non-potable uses such as landscape irrigation in parks, golf courses, and greenways, 
which represent a substantial market for reclaimed water, and are typically spatially separated from 
centralized wastewater treatment plants. However, the sustainability of distributed water reclamation 
systems has yet to be established, and several technical barriers must be addressed to advance their 
implementation, including management of reclaimed water production to provide year-long reuse 
opportunities, loss of energy efficiency in small treatment facilities compared to large, centralized facilities, 
and lack of energy recovery technologies available for small DNWR plants. 
 
1.1 Problem statement and significance 
Studies have shown that the energy requirement for wastewater treatment increases by 65% when 
design flows decrease from 38 to 3.8 ML d
–1




. In these small plants, as with larger 
treatment facilities, the greatest energy requirement is for aeration, which can account for up to 65% of a 
facility total electrical energy use. The low energy efficiency in small DNWR plants is further exacerbated 
by the loss of opportunities for energy recovery. Several industry sources consider anaerobic digestion 
infeasible for facilities with less than 19 ML d
–1
 (5 Mgal d
–1
) flow due to the construction costs and 
operational complexity of the digesters and power generation systems
6
. For these small plants, aerobic 
digestion of solids to produce Class B biosolids is the state of practice, and the aeration and mixing 





While DNWR plants provide the opportunity for production of nutrient-rich irrigation (fertigation) water 
fit for specific landscaping needs, the intermittent nature of irrigation, both seasonally and daily, presents 
unique challenges. Under current paradigm, water reclamation plants produce water, convey it, and store 
it to meet demand of the end users. The production of fertigation water is hampered by the need to 
control biological growth in nutrient-rich waters during conveyance and storage. In a decentralized 
treatment scheme, conveyance distance and storage requirements are reduced, but seasonal fluctuations 
remain. A DNWR plant that can produce nutrient rich fertigation water on an intermittent basis provides 
an opportunity to greatly reduce the storage requirements and increase the feasibility of distributed water 
reclamation. 
This doctoral dissertation presents research that evaluates novel applications of existing 
commercially developed technologies to address the challenges of distributed water reclamation in an 
urban setting, including a novel treatment system to provide nutrient-rich fertigation water and reuse 
water for groundwater replenishment, development of a biological treatment strategy to reduce the 
aeration requirements, and modeling and evaluation of a thermo-chemical conversion (TCC) technology 
to increase energy recovery opportunities in small DNWR plants. The implications are notable: if 
commercially available technologies can be adapted in DNWR plants, they are likely to be accepted by 
utilities and regulators. Thus, it may be possible to implement distributed water reclamation more 
promptly, providing momentum for growth in the reclaimed water market. Additionally, if new biological 
systems are found to provide robust, reliable treatment with a reduced energy footprint, economic barriers 
can be dismantled. 
 
1.2 Objective and scope of work 
This research focuses on the technical barriers to distributed water reclamation. The main research 
objectives include 1) demonstrating the feasibility of tailoring water reclamation to provide nutrient-rich 
water for irrigation (fertigation) and for groundwater replenishment by removing key nutrients, 2) 
investigate and model technologies to reduce the energy requirements in small DNWR plants through 
novel biological treatment approaches and thermochemical energy recovery from solids, and 3) 
addressing the challenges of regulating DNWR plants in a manner that allows flexible operation while 
protecting human and environmental health. To meet these objectives, three studies were conducted. 
These include: 
 
1. Quantify potential energy savings of a hypoaeration (low dissolved oxygen (DO)) in an SBR at 
bench and demonstration scales. 
2. Evaluate the feasibility of tailoring reclaimed water production using an SBR under hypoaerobic 
conditions and varying the primary clarification technology: enhanced primary clarification (EPC) 
coupled with the SBR to provide fertigation water with balanced nitrogen-phosphorus 
concentrations for turfgrass and urban landscape uses; and CPC followed by SBR treatment to 
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produce water suitable for groundwater recharge. 
3. Investigate whether TCC processes can provide a breakthrough in energy recovery for small 
DNWR plants, and whether energy recovery can be optimized by increasing the proportion of 
primary solids (via EPC) in the TCC process feedstock. 
In addition, a regulatory framework for permitting and monitoring DNWR plants within an urban water 
or wastewater utility service area based on discussions with state regulators and plant operators is 
proposed. The objectives of this research were met through the completion of three experimental studies, 
each focusing on a specific objective. Review of emerging regulatory approaches to decentralized non 
potable water reuse and discussions with state regulators and local wastewater utility operators were 
conducted to develop the proposed regulatory framework. 
 
1.3 Structure of dissertation 
This dissertation presents a new research project, conducted at the Mines Park Water Reclamation 
Research Facility of the Colorado School of Mines, in Golden, Colorado. Chapter 2 investigates the 
energy savings and system performance under conventional (DO concentration of ~2.0 mg L
–1
) and 
hypoaerobic (DO concentration of ~0.6 mg L
–1
) treatments of conventional primary clarification effluent. 
Studies at both bench and demonstration scales were conducted to compare the removal efficiencies and 
air blower energy savings. A journal article was published in Environmental Science: Water Research and 
Technology. Chapter 3 presents the findings of a research tailoring water reclamation to produce two 
tailored waters having different quality: one for fertigation and another for groundwater replenishment. In 
both water production systems, raw wastewater from the Mines Park student-housing complex was used 
and two primary clarification treatments were followed by biological treatment in an SBR. CPC was used 
to produce water suitable for surface water or groundwater augmentation and EPC was used to produce 
fertigation water with high nitrogen content and balanced nitrogen-phosphorous concentrations for 
optimal plant uptake. A journal article is being submitted for potential publication in Environmental 
Science: Water Research & Technology. Chapter 4 is a paper published in Sustainable Energy 
Technologies and Assessments that addresses the potential for energy recovery from solids generated in 
a DNWR plant. Using a model developed in the initial phase of the study, the potential electrical power 
generated from air-blown gasification was compared between solids generated by conventional activated 
sludge treatment, a hybrid sequencing batch membrane bioreactor (SB-MBR), and conventional activated 
sludge treatment of EPC effluent. 
 
1.3.1 Hypoaeration of activated sludge to reduce energy requirements at distributed reclaimed 
water plants: studies at bench and demonstration scales 
Small DNWR plants require more energy and staff time per volume of water reclaimed; thus, energy 
use needs to be reduced for existing, proven, robust treatment technologies. To date, energy reduction 
has focused on mechanical optimization at large plants, but treatment strategies for small DNWR plants 
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are needed to promote distributed water reclamation. In a small DNWR plant, aeration for biological 
treatment requires a large fraction of the plant’s energy, with aerobic digestion of solids representing the 
second largest energy-consuming process. 
Chapter 2 presents research evaluating the use of biological treatment under hypoaerobic conditions 
(DO concentration of 0.6 mg L
–1
) as a means of reducing energy requirements. The wastewater 
generated at the Mines Park student housing was treated using conventional primary clarification followed 
by biological treatment in an SBR (bench scale) and a hybrid sequencing batch-membrane bioreactor 
(SB-MBR) (demonstration scale). The removal efficiencies of major constituents (carbon and nutrients) 
and air blower energy consumption for hypoaerobic conditions were compared to standard treatment 




1.3.2 Feasibility of water tailored for year-round reclamation and reuse 
Irrigation of public and private landscape areas is an ideal end use of reclaimed water; however, in 
areas without 12-month growing seasons, a separate scheme for the use of reclaimed water is needed. In 
situations where wastewater conveyance or treatment plant capacity is lacking, a DNWR plant must 
operate continuously, and a second end use for the non-growing season is needed. Thus, a strategy for 
producing nutrient-rich fertigation water for the growing season and water suitable for groundwater 
replenishment or environmental restoration may be appropriate. Coagulants such as ferric chloride or 
aluminum sulfate are sometimes used in wastewater treatment to reduce the concentration of phosphorus 
from treated effluent, but the use of these coagulants prior to primary clarification is not widely described 
in the literature. Using EPC to remove phosphorus will also reduce the organic content of the primary 
effluent by removing suspended and colloidal solids; as such, it may provide more energy-efficient 
production of fertigation water, and may produce solids with higher volatile organic content, leading to 
enhanced energy recovery from biosolids. 
Chapter 3 presents data for a unique approach to providing fertigation water; the use of ferric chloride 
as a coagulant in EPC coupled with biological treatment in an SBR to produce fertigation water with a 
balanced nitrogen-phosphorus profile, and alternately, the use of conventional primary clarification and 
biological treatment in an SBR to provide water suitable for groundwater replenishment or surface 
discharge. In an applied setting, the effluent from both treatment schemes would be followed by 
ultrafiltration and UV disinfection to meet reuse standards. The research evaluates the treatment success, 
stability of the biological systems, and compares the air blower use and energy demands of the two 
treatment schemes. 
 
1.3.3 Gasification of solids 
Gasification is a technology that may be suitable for converting wastewater solids to energy at small 
DNWR plants. In the initial phase of this study, a model was developed for air-blown gasification of sludge 
coupled with internal combustion engine for energy production. The model demonstrated that gasification 
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of wastewater solids could produce up to one third of the electrical demand at small DNWR plants, and 
became economically feasible for plants generating 2.1 dry metric tons of solids per day. Although 
employing EPC to remove phosphorus, suspended solids, and colloidal solids was successful in 
producing nutrient-rich water for fertigation, the impact of EPC on the production of energy was unknown. 
Characteristics that may impact the power production include an increase in the proportion of primary 
solids with higher volatile organic matter in the treatment sludge, which may increase the power 
produced, and the reduction in the mass of solids produced in an EPC/biological treatment system due to 
less organic matter being converted to cell mass in the biological treatment. 
Chapter 4 presents the research from Phase II of the TCC project. Using thermochemical data for 
solids collected from an array of treatment processes at local wastewater treatment plants, and a mass 
balance of solids generated by primary and secondary treatment units, theoretical profiles were 
developed for three plant scenarios: (a) conventional treatment (i.e., primary sedimentation followed by 
activated sludge biological treatment with nitrogen removal), (b) enhanced primary clarification (i.e., 
ballasted flocculation followed by activated sludge biological treatment with nitrogen removal, and (c) 
influent fine screening followed by SB-MBR with nitrogen removal. Ballasted flocculation, an EPC 
technology that does not impart mineral salts to the treatment solids was used to provide better 
understanding of the impact of higher volatile organic matter in primary solids on the power generated by 
gasification. 
 
1.3.4 A proposal for regulatory framework for distributed water reclamation 
Although proven technologies are available to produce reclaimed water in DNWR plants, and public 
acceptance of irrigation with reclaimed water is growing, there remains a barrier of regulatory monitoring 
and permitting. Full deployment of a DNWR program within an urban water or wastewater utility service 
area will result in an increase in the number of facilities requiring permits, monitoring, and inspection. The 
proximity of the water application sites to the public increases the urgency for careful monitoring and 
control by regulating agencies. However, many state agencies are experiencing budget constraints that 
may impact the ability to successfully monitor DNWR plants. 
Chapter 4 proposes a framework for permitting, monitoring, and reporting the ongoing operation of a 
network of distributed facilities. If we consider that the Industrial Pretreatment program has been 
successful in monitoring and controlling discharges from industrial facilities;
8
 protecting wastewater 
treatment plants from biological system upsets, ensuring the integrity of the solids reuse or disposal 
program, and protecting utility workers from exposure to hazardous chemicals, then the Industrial 
Pretreatment program could serve as a model. A similar program could be implemented within a utility to 
establish permit requirements for wastewater withdrawals from, and discharges to (e.g., solids or off-spec 
water) the wastewater conveyance system. In fact, the Industrial Pretreatment program can reasonably 
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CHAPTER 2  
HYPOAERATION OF ACTIVATED SLUDGE TO REDUCE ENERGY 
REQUIREMENTS AT DISTRIBUTED RECLAIMED WATER PLANTS: STUDIES AT 
BENCH AND DEMONSTRATION SCALES 





2, Junko Munakata-Marr2, Terence K. Reid3, Tzahi Y. Cath2* 
 
2.1 Abstract 
As stresses on water infrastructure mount, reuse of wastewater for non-potable applications becomes 
increasingly important. One strategy for providing water to areas geographically distant from existing 
centralized wastewater treatment plants is DNWR—small facilities located close to customers produce 
water that meets specific requirements of the end-users. Economic benefits include minimizing 
infrastructure for delivery and avoiding over–treatment of the water. However, small DNWR plants require 
more energy and staff time per volume of water reclaimed, thus energy use needs to be reduced within 
existing, proven, robust treatment technologies. To date, energy reduction has focused on mechanical 
optimization at large plants, reporting 10-38% savings, but treatment strategies for small DNWR plants 
are needed to promote distributed water reclamation. In this research, hypoaeration (biological treatment 
under 0.5-0.8 mg L
–1
 dissolved oxygen (DO) concentration) was investigated to reduce aeration 
requirements of treatment in sequencing batch reactors at bench (54 L d
–1
) and demonstration (29,500 L 
d
–1
) scales. Domestic wastewater was successfully treated for 43 and 93 days (respectively), and at both 
scales the hypoaerobic conditions provided treatment equal to standard treatment conditions (DO=2.0 mg 
L
–1
). At demonstration-scale hypoaerobic treatment reduced blower energy requirements by 27% and 
solids production by 10-12%, which reflect a potential energy savings of 21% in a small DNWR plant. 
 
2.2 Introduction 
Stresses on our nation’s water supply are rooted in several phenomena: aging and failing 
infrastructure, changing population densities at local and regional scales, fresh water scarcity, and 
changing weather patterns.
1-3
 As pressures on water supply and distribution infrastructure mount, 
reclamation and reuse of water for non-potable applications is becoming more prevalent.
4,5
 If a potential  
_______________ 
1
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high-volume customer is located near an existing wastewater treatment plant, the production and 
delivery of reclaimed water can be straightforward. However, as customers in outlying areas are identified 
for reuse applications, the delivery of reclaimed water becomes less economically viable.
5
 One strategy 
for urban water reclamation is a distributed system, where small DNWR plants are located close to point 
of generation (wastewater) and produce water tailored for specific uses such as irrigation, industrial 
cooling, and groundwater replenishment.
6
 Economic benefits can be derived from two sources: 
minimizing infrastructure for collection and distribution, and avoiding over-treatment of water.
6,7
 
A DNWR plant comprises conventional wastewater treatment (i.e., physical and biological removal of 
pollutants) followed by advanced treatment to reduce the presence of pathogens in the reclaimed water
8
. 
The potential benefits of a DNWR program for non-potable reuse are well documented, with the primary 
benefit being the avoidance of construction of a separate, extensive “purple pipe” infrastructure to 
distribute the reclaimed water.
6,7,9
 However, a substantial technological challenge of DNWR is the 
increased cost per unit of reclaimed water produced at small DNWR plants;
10-12
 small plants require 
higher energy and more staff per volume treated. The Electric Power Research Institute reports that a 
typical wastewater treatment plant with an influent flow of 380 million liter per day (ML d
–1
) (100 million 
gallons per day (Mgal d
–1
)) consumes approximately 412 kilowatt–hours (kWh) per ML treated (1,558 
kWh Mgal
–1
), while a plant treating 3.8 ML d
–1





because distributed DNWR plants may require up to 89% more energy than larger, centralized facilities, 
the reduced costs associated with DNWR plants (e.g., the avoided construction and 
operation/maintenance costs of conveyance lines) may be overshadowed by the increased energy 
requirements to operate them. 
Defining the distribution of energy use within small reclamation plants is difficult due to the sporadic 
and varied means used to monitor energy consumption; however the widely accepted assumption is that, 
as with large reclamation plants, aeration consumes the highest percentage of energy within small DNWR 
plants.
9,13
 Young & Koopman
13
 analyzed energy use in five wastewater treatment plants with design flow 
between 0.6 and 17 ML d
–1
 (0.2-4.5 mgd). They revealed that in an activated sludge 17 ML d
–1
 
wastewater treatment plant, aeration consumed 65% of the plant energy use, and aerobic solids 
stabilization consumed 22% of the plant energy use. 
To meet the technical challenge of distributed water reclamation, the energy consumed by aeration of 
the biological treatment processes and for solids management must be reduced. To date, mechanical 
optimization and improved control strategies have been the focus of energy reduction efforts, and have 
been reported to provide 10-38% energy reduction at large (>38 ML d
–1
) wastewater treatment plants.
12,14
 
Further reduction of energy demand will require a fundamental change to the biological treatment strategy 
to reduce aeration requirements in secondary treatment and solids stabilization. 
The optimal DO concentration for biological treatment of wastewater has been well studied.
15-18
 Smith 
and Thomas reported that oxygen uptake rates did not vary for biological systems when DO 
concentration was increased from 0.2 to 6.0 mg L
–1
, suggesting that low DO concentrations may be 
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sufficient for biological treatment,
15
 while Chapman et al. suggested that a DO concentration of 5.0 mg L
–1
 
was required to diffuse through sludge floc.
19
 Currently, a DO concentration in excess of 2.0 mg L
–1
 in 
suspended growth biological systems is the standard practice for carbon and nutrient removal.
11,20,21
 
Extremely low-DO biological treatments such as anaerobic deammonification and simultaneous 
nitrification/denitrification (SND) have been investigated to reduce energy required to mitigate the 
pollutant load of high-strength side streams,
22
 and more recent research explored SND for mainstream 
treatment.
23-25
 The literature describing successful SND as a removal mechanism reports ratios of effluent 








Hypoaeration is a novel treatment strategy that uses DO concentration between 0.5 and 0.8 mg L
–1
 in 
suspended growth biological processes. While several studies of hypoaeration have been conducted at 
laboratory scale, demonstrating the removal of COD or the conversion of ammonium to nitrite and nitrate, 
18,28,29
 only one study of treatment using hypoaerobic (DO concentration 0.3-0.8 mg L
–1
) conditions at pilot 
scale
30
 was found. Wang et al.
30
 investigated nitrogen removal from domestic wastewater under 
hypoaerobic conditions to achieve SND. Their findings demonstrated that the biological treatment was 
stable over the course of 120 days, with two periods (42 and 50 days duration) operated under 
hypoaerobic conditions. Total nitrogen (TN) removal reached 90% with DO concentrations of 0.4-0.6 mg 
L
–1
, and only 61.1% when DO concentrations were above 1 mg L
–1
. 
Two studies of low DO concentration treatment at full scale were found in the literature, though both 
used extremely low DO concentrations (<0.2 mg L
–1
) instead of hypoaeration
31,32—one focused on 
electrical energy cost savings and the other on increasing sludge settleability. A full-scale study (0.4 ML 
d
–1
) of domestic wastewater treatment in an SBR using a DO concentration set point of <0.2 mg L
–1
 was 
conducted over the course of four years.
31
 The researchers report 96% removal of chemical oxygen 
demand (COD), 97% conversion of ammonium, and an effluent nitrate concentration below 5 mg N L
–1
, 
though SND was not found to be a mechanism of nitrogen removal. The researchers did not quantify the 
energy reduction attributed to the lower DO concentration, but reported a reduction in electricity costs of 
59% across the treatment plant.
31
 A second long-term, full-scale demonstration was conducted at the 
Fresno-Clovis wastewater treatment plant to reduce sludge bulking.
32
 In that project, the removal of 
nitrogen was not central to the study; rather, the low DO conditions (DO concentration set point of <0.2 
mg L
–1
) were used to reduce sludge bulking by inhibiting nitrification and subsequent denitrification in the 
settling basins. Plant staff reported that over five years of operation, the effluent quality of the plant did 
not deteriorate as a result of the lowered DO concentration, inferring that ammonium was oxidized at the 
same rate under ultra-low DO conditions as it was under standard DO conditions. Although nitrogen 
removal via SND was expected,
32
 data were not presented to confirm or refute SND as a nitrogen 
removal mechanism. The energy saved by the reduced aeration requirement was not defined, but staff 
noted that while the organic load to the plant increased by 20% over a three-year period, the energy 
consumption increased by less than 5% during that time. 
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While the impact of hypoaeration and ultra-low DO concentration on treatment efficiency at bench, 
pilot, and full scales has been discussed in the literature, quantitative data on the associated energy 
reduction are lacking. Similarly, reduction in biomass production under hypoaerobic and ultra-low DO 
concentrations and the potential energy savings associated with processing less biomass have not been 
discussed in the literature. Therefore, the main objective of the current research was to investigate 
hypoaeration as a means to reduce energy requirements for aeration and reduce the mass of sludge 
produced in sequencing batch reactors (SBRs) at bench (54 L d
–1
) and demonstration (29,500 L d
–1
) 
scales. SBR technology is an established process to treat wastewater and is well suited for small flow 
DNWR plants. Thus, if shown to be successful, hypoaeration may be easily adopted and utilized in full-
scale commercial applications of SBRs. Treatment effectiveness was evaluated using carbon and 
nitrogen removal efficiency and biological system stability (i.e., the ability of the hypoaerobic treatment 
SBR to sustain removal efficiencies equal to those of standard SBR operation), and SND as a removal 




 ratio. The energy consumption and biomass yield were 
evaluated to compare reductions in blower energy and biomass produced during treatment, relating the 
blower energy saving to plant-wide energy use. 
 
2.3 Materials and methods 
In this study we investigated treatment of domestic wastewater in SBRs under standard operating 
conditions (DO concentration of 2 mg L
–1
), and hypoaerobic conditions (DO concentrations of 0.6 and 0.8 
mg L
–1
). Wastewater was collected from the Mines Park Apartments, a student-housing complex at the 
Colorado School of Mines. Experiments were conducted in two phases: (i) bench-scale to demonstrate 
the feasibility of hypoaerobic biological treatment and to calculate the potential aeration energy savings, 
and (ii) demonstration–scale testing to provide more precise control of DO concentration and monitor 
aeration energy under two unique test conditions. 
 
2.3.1 Test systems 
Two test systems were used at the Mines Park research site. Mixed liquor from the demonstration 
scale hybrid sequencing batch membrane bioreactor (SB-MBR) described in section 2.3.1.2 provided the 
microbial biomass for both the bench and demonstration scale tests. 
 
2.3.1.1 Bench-scale system 
A bench-scale SBR system was used for treatment of 54 L d
–1
 of primary clarified, residential 
wastewater. A schematic of the bench-scale treatment process is shown in Fig. 2.1. Raw wastewater was 
dosed to an influent tank once per hour for 10–15 minutes, and the influent tank was continuously mixed 
by an overhead stirrer (IKA Willmington NC, USA). Excess wastewater charged into the influent tank 
during the dose period overflowed to sewer, and the influent tank was drained and rinsed 5-6 times each 
week. Raw wastewater from the influent tank was continuously fed to the primary clarifier (30 cm diameter 
 
 11 
PVC pipe with 127 cm working depth, for a total of 90 L) at a rate of 1 L min
–1
, providing approximately 90 
minutes retention time. Effluent from the primary clarifier was dosed into the SBR at the beginning of each 
treatment cycle, and excess primary effluent overflowed to the sewer. Approximately 25 L of sludge was 
wasted from the primary clarifier daily and scum layer was removed manually as needed. 
 
 
Fig. 2.1. Schematic of the bench-scale test system. The influent tank had a working volume of 154 L, the 
primary clarifier 90 L, and the SBR 25.5 L. The control system turned the blower on/off based on DO 
concentration in the SBR activated sludge and the DO set points, and the blower phase (on/off) was 
monitored and recorded by the LabVIEW controller. The pH was monitored, but not controlled. 
 
The bioreactor, a rectangular prism, was constructed of 1.3 cm thick acrylic plates with total volume of 
35 L (working volume 25.5 L). Mixing was provided throughout the ‘fill’ and ‘react’ phases by an overhead 
mixer (Cole-Parmer, Vernon Hills, IL) with a 5 cm (2”) diameter impeller. Aeration was provided by a 
linear air pump (Alita Industries Arcadia, CA) and 30.5 cm long aquarium air diffusion bar (Aqueon, 
Franklin, WI). The temperature was maintained at 19–20 °C using a 50-watt preset aquarium heater 
(Aqueon, Franklin, WI) controlled by an external thermostat (Johnson Controls, Inc., Milwaukee WI). All 
dosing pumps were Masterflex peristaltic pumps (Cole-Parmer, Vernon Hills, IL). 
The DO concentration was monitored using a luminescing DO probe and an SC200 microprocessor 
controller (Hach Company, Loveland, CO). Data logging and blower control were provided by a LabJack 
EU9-Pro data acquisition and control unit (LabJack Corporation, Lakewood CO) and LabVIEW graphical 
programming platform (National Instruments Corp., Austin, TX). Treatment phases of the bench-scale 
system included ‘fill’, ‘react’, ‘settle’, and ‘decant’. During the ‘react’ phase, aeration was provided in two 
sub-phases of 40 minutes and 15 minutes. Mixing was provided throughout the ‘fill’ and ‘react’ phases. 
Details about the cycle phases, aeration sub-phases, and mixing sub-phases are summarized in Fig. A1 
of Appendix A. 
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The in-line blower was turned on or off by the control system to maintain the target DO concentration 
programmed in the LabVIEW controller, and the time periods of blower “ON” were logged by the 
LabVIEW program. Air flow rate was controlled by a 1–8 L min–1 rotameter equipped with a control valve 
(Dakota Instruments, Orangeburg, NY), and air pressure was monitored using a multipurpose analog 
pressure gage (McMaster-Carr, Elmhurst IL). Clarified effluent was withdrawn from the bioreactor through 
a port set at a height of 21.0 L using a Masterflex peristaltic pump (Cole Parmer, Vernon Hills, IL). 
 
2.3.1.2 Demonstration-scale system 
The demonstration-scale SB-MBR system (Aqua-Aerobic Systems, Inc., Loves Park, IL) has an 
average design flow capacity of 50,000 L d
–1
 (12,250 gal d
–1
) of typical domestic wastewater. The SB-
MBR system is equipped with two bioreactor (BR) basins, each with 9,966 L working volume when 
operating at 1.7 m depth, and two membrane tanks, each with 6,400 L working volume. An overview of 
the SB-MBR system is provided in Fig. 2.2, and a detailed description of the components and operation 
can be found in Vuono et al.
7,33
 
Two cassettes of PURON® hollow fiber ultrafiltration (UF) membranes (KMS, Wilmington, MA) were 
used in the SB-MBR. The membranes have a total surface area of 74 m
2
 and nominal pore size of 0.05 
micron. Data acquisition and process control are provided by a SCADA system designed by Aqua 
Aerobic Systems, Inc. A treatment cycle typically consists of three phases: ‘react/fill’, ‘react’, and 
‘react/draw’. During the ‘react/fill’ phase, a 1,225 L (324 gal) batch of screened residential wastewater (2 
mm screen slot size) is dosed into one bioreactor, and wastewater is subjected to an anoxic environment 
with mixing provided. During the ‘react/draw’ phase mixed liquor is circulated between the membrane 
tanks and the bioreactor. Aeration/anoxic sub-phases are provided during the ‘react’ and the ‘react/draw’ 
phases. The detailed breakdown of phases during an SB-MBR cycle is shown in Fig. A2 of Appendix A. 
 
 
Fig. 2.2. A schematic of the demonstration-scale SB-MBR, The schematic shows BR1 in the ‘react/fill’ 
and ‘react’ phase, and BR2 in the ‘react/draw’ phase, with recycled activated sludge returned to the 






Aeration is provided in the bioreactors by coarse-air diffusers and a blower equipped with variable 
frequency drive motor to precisely and continuously regulate the DO concentration in the bioreactors to a 
preset concentration, and each bioreactor is continuously stirred during the entire treatment cycle. Energy 
consumption of the blower in BR1 was measured in this study, and power and electrical energy 
consumption for the bioreactor’s blower was measured using a portable three-phase power analyzer 
(AEMC
®
 Instruments, Dover, NH). 
 
2.3.2 Experimental design 
2.3.2.1 Bench-scale system operation 
Two conditions were tested at bench-scale: (i) standard operating conditions with a target DO 
concentration of 2.0 mg L
–1
 (data label HDO-B with DO concentration set points of 1.8 and 2.1 mg L
–1
), 
and (ii) hypoaerobic condition with target DO concentration of 0.8 mg L
–1
 (data label LDO-B with DO 
concentration set points of 0.7 and 0.8 mg L
–1
). Aeration schedules were similar for each test, except the 
second aeration sub-phase was increased by 5 minutes under hypoaerobic testing. Sludge was not 
wasted during the experiments; thus, the solids retention time (SRT) was determined by the mass of 
volatile suspended solids leaving the bioreactor in the effluent. 
The air blower used for the bench-scale system was relay-controlled (on/off only), requiring air 
flowrate to be adjusted at the flow meter/controller. The air flowrate was chosen for each test condition to 
maintain DO concentrations within a narrow range of the target. For HDO-B, testing during start-up 
determined that 5 L min
–1
 was required to reach a DO concentration of 2.0 mg L
–1
 (at lower flows, the DO 
concentration would remain below 1.7 mg L
–1
), and an air flowrate of 3 L min
–1
 was used for LDO-B 
testing. The pressure required to deliver air to the bioreactor through a fully open air flow controller was 3 
psi. The specific operating conditions for the bench-scale testing are summarized in Table 2.1, along with 
operating conditions for the demonstration-scale testing. 
Upon startup of each test condition, effluent was analyzed for chemical oxygen demand (COD), 
nitrite, nitrate, and ammonium concentrations. The transformation of ammonium is the process most likely 
to be impacted by reduced DO concentration, and thus an ammonium effluent target of 5.0 mg N L
–1
 was 
used to establish steady state conditions. COD is a secondary concern and a target value of 40 mg L
–1
 
was set for COD. Steady state was reached when the bioreactor effluent concentration of ammonium and 
COD became stable and the removal efficiency was near the removal efficiencies typically expected in 
SBRs. After reaching steady state, the reactor was operated for a minimum of 30 days. 
 
2.3.2.2 Demonstration-scale system operation 
The demonstration-scale SB-MBR system has been operated for since 2009, typically with mixed 
liquor suspended solids (MLSS) concentration of 6-7 g L
–1
. For this research, the MLSS was lowered to 
2.0-2.6 g L
–1
 to more closely mirror the conditions during the bench-scale study. 
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Demonstration-scale testing was conducted using the same source of wastewater used in the bench-
scale testing, with fine (2 mm) screening providing primary clarification. Two conditions were evaluated at 
demonstration-scale: (i) “standard” with DO concentration of 2.0 mg L–1 and 55 minutes aeration (data 
label HDO-55), and (ii) “hypoaerobic” condition with DO concentration set point of 0.6 mg L–1 and 55 
minutes of aeration over the 120 minutes cycle (data label LDO-55). For the purpose of data collection, 
we assume that the two bioreactors operate identically (confirmed in earlier energy audits), and power 
use data were collected for only BR1. The operating conditions for the demonstration-scale study and 
bench-scale studies are summarized in Table 2.1. 
 
Table 2.1. Bench-scale and demonstration-scale operating conditions. For bench-scale testing, the 
hypoaerobic study DO concentration was decreased by 44%, air flow was reduced by 40%, and the 
aeration time was lengthened by 10%. Under the demonstration-scale HDO-55 condition the aeration 
time was 55 minutes and under the LDO-55 test condition the aeration time was also 55 minutes per 
cycle and the target DO concentration set point was reduced to 0.6 mg L
–1
 
  Bench scale Demonstration scale 
Parameter Units HDO-B LDO-B HDO-55 LDO-55 
Days at steady state  d 50 32 28 61 
DO setting mg L
–1
 1.8-2.1 0.7-0.8 2.0 0.6 
Wastewater flow L d
–1
 54 54 29,400 29,400 
Batch Volume L 4.5 4.5 1,226 1,226 
Volume exchange ratio % 18 18 12 12 
Cycle time minutes 120 120 120 120 
Total aeration time min cycle
–1
 50 55 55 55 
Working volume SBR L 25.5 25.5 9,966 9,966 
VSS mass in system g ± stdv 38 ± 7 41 ± 6 66,500 ± 8 48,900 ± 11 
MLSS concentration g L
–1
 ± stdv 1.5 ±0.3 1.25 ± 0.3 2.6 ± 0.3 2.0 ± 0.7 
 
Steady state for the demonstration-scale testing was reached when the effluent concentrations 
became stable with ammonium and COD concentrations below 5 mg N L
–1
 and 40 mg L
–1
, respectively. 
HDO-55 tests were conducted for 43 days (28 days at steady state), and LDO-55 testing was conducted 
for 93 days (93 days at steady state). 
 
2.3.3 Chemical and bulk analysis 
24-hour composite samples were typically collected two times a week during both bench and 
demonstration-scale testing. For the bench-scale tests, sampling points included the influent tank, primary 
clarifier effluent, and bioreactor effluent. A programmable peristaltic pump (Cole-Parmer, Verner Hills IL) 
was used to collect 200 mL of influent and primary effluent aliquots every two hours, and the composited 
samples were stored on ice during sample collection. 
A portion of the bioreactor effluent from each batch during the 24-hour sample period was collected in 
a 20-L container. The configuration of the bench-scale effluent decant port in the bioreactor caused 
biosolids to accumulate on the crown of the effluent pipe during the settling phase, and these solids 
washed off and were discharged as the decant began. To provide a representative sample of the clarified 
bioreactor effluent, and still provide an accurate measure of the solids discharged from the system (to 
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calculate SRT), the composited effluent was mixed, and an aliquot equal to 100 ml cycle
–1
 was 
immediately withdrawn from the 20-L container and used to determine the solids concentration in the 
discharged effluent. The remaining sample was allowed to settle for 30 minutes (roughly equal to the 
settling plus decant time), and then an aliquot equal to 100 ml cycle
–1
 was collected from the container 
and used to determine bulk chemistry in the effluent. 
Samples from the demonstration -scale system were collected using programmable automatic 
samplers (Teledyne Isco Incorporated, Lincoln, NE). The composite sample consisted of 500 ml aliquots 
collected hourly. The influent sample was collected from the MP pump tank at a point approximately four 
feet below the water surface, and the effluent sample was taken from the SB-MBR permeate tank. 
Influent and effluent samples were analyzed for total and soluble COD (sCOD), ammonium, nitrate, and 
nitrite (Hach methods 8000, 10205, 10206, and 8507, respectively, Hach Co., Loveland, CO). Samples 
for sCOD were filtered through 0.45 micron syringe filters (VWR International, Radnor, PA). During 
bench-scale testing, nitrogen removal was evaluated using total inorganic nitrogen (TIN), determined by 
adding the concentrations of ammonium, nitrate, and nitrite, while during demonstration-scale testing 
nitrogen removal was evaluated using TN (Hach method 10072, Hach Co., Loveland, CO), which 
measures both TIN and organic nitrogen. 
The temperature, pH, and electric conductivity of the samples were measured at the end of the 
sample period with a bench-top multi-meter (ThermoScientific, Weltham, MA), and alkalinity was analyzed 
using digital titration (Hach method 8203, Hach Co., Loveland, CO). Influent, primary effluent, and bench-
scale bioreactor effluent were analyzed for total and volatile suspended solids (TSS and VSS) following 
Standard Methods 2540 procedures,
34
 using a Whatman Glass Fiber filter (GF/C, VWR International, 
Radnor, PA). SB-MBR effluent was not analyzed for TSS or VSS because it was filtered through a 0.05-
micron ultrafiltration membrane during treatment. 
 
2.3.4 Power and energy monitoring and calculations 
During the last week of each test condition, after the system reached steady operating conditions, 
data were collected to evaluate the energy use and power consumption by the aeration blower. Although 
diurnal variations in residential wastewater influent are expected to impact energy requirements, care was 
taken to select data from a day with consistent blower use throughout a 24-hour period of testing. To 
reduce the potential for choosing “best case” scenario for one test condition and comparing it to the 
“worst case” scenario of another, the data were evaluated for variability in the energy use for each 2-hour 
cycle during a given 24-hour period as described below. Energy use was calculated for bench-scale tests, 
and real time power monitoring was used to measure power and energy for demonstration-scale testing. 
 
2.3.4.1 Bench-scale system power and energy calculations 
At a frequency of once every 2 seconds, the LabVIEW program logged a value “1” when the air 
blower was “ON” and a value of “0” when it was off. To calculate the blower “ON” time for a test condition, 
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the data for three 24-hour periods during the last week of testing were extracted from the log files. For 
each cycle during a day, the blower “ON” duration was calculated, and an average, standard deviation 
(stdv), and coefficient of variance (CV) for the cycles of the day were calculated. The data from a day with 
a coefficient of variation less than 10% were used to calculate the theoretical energy use. For the bench-
scale tests, theoretical power demand (Ptheo) was calculated using pressure (p) and air flowrate (Q) (Eq. 
1), and energy consumption (Etheo) was calculated by the power use and blower time “ON” (Eq. 2): 
 
ℎ = � �∗ ��.  (1) 
ℎ − ℎ =  ℎ  ∗  Blower "ON" � � ℎ⁄  (2) 
where p is the pressure of supplied air, Q is the air flow rate, and 8.7 is a combined pressure and flow 
conversion factor to SI units (6895 � and 1.67e-5  �sec ). 
 
2.3.4.2 Demonstration-scale system power and energy monitoring 
At demonstration-scale, the energy use and blower use data for BR1 were collected during the last 
week of testing, and the monitoring equipment calculated power demand based on current and voltage, 
with energy consumption calculated using the time interval between voltage and current readings. The 
protocol that was used at bench-scale for assessing variability between cycles during the day was 
followed for demonstration-scale analyses, but the minimum CV for LDO-55 testing was 14% based on 
the review of data from five days of monitoring. Energy data from 33 and 69 treatment cycles were used 
to calculate the energy requirements for the HDO-55 and LDO-55 tests, respectively. 
 
2.3.5 Biomass growth and substrate utilization calculations 
Experimental data were used to calculate the observed yield (Yobs) (Eq. 3) and substrate uptake rate 
(rsu) (Eq. 4) in the bench-scale and demonstration-scale bioreactors. 
 � �� =  ∆ �  �/∆  �/       (3) 
�∗ =  ∆  �/      (4) 
where Δbiomass is the mass of MLVSS in the bench scale effluent or the WAS from the SB-MBR (g d–1) 
(also defined as ΔVSS), Δsubstrate is the mass of substrate (COD or ammonium) removed (g d–1 or kg d–
1
) in the bioreactors only (not in primary clarification), and Vrxtr is the volume of reactor (L). Additional 
calculations of the specific substrate uptake rate (U), net growth rate (rg), and specific growth rate (µ) 




� =  ��  =  ∆ 1 �/ /� 1  �/     (5) 
� �∗ = ∆ �� =  1  / ∗ ��   �/ 1      (6) � =  ∆ �  �/��  � =   �/ ∗� 1  �/      (7) 
where ΔsubstrateB1 is the change in COD or ammonium concentration for water treated in bioreactor B1 
only (one-half of the substrate removed by the system), Xa(B1) is the concentration of volatile suspended 
solids in B1 (g L
–1
), VB1WAS is the volume of WAS wasted per day from BR1 only (one-half of the volume of 
total system WAS), VSSWAS is the volatile solids concentration in the WAS, Vrxtr(B1) is the volume of 
bioreactor B1 only, and VSSrxtr is the volatile solids mass in reactor B1. 
 
2.3.6 Statistical analysis 
Effluent concentrations and removal efficiencies under differing test conditions were evaluated to 
ascertain whether hypoaerobic test conditions removed organic matter and nutrients equally to standard 
test conditions. Simply stated, the removal efficiency is equal under both conditions if the average 
removal efficiency for HDO tests is equal to the removal efficiency for LDO tests (i.e., the hypothesis is 
that the difference between the averages would be zero). A two sample, unequal variances t-test 
(Welch’s t-test) with a significance level of 0.05 (α = 0.05) was used to compare the average effluent 
concentrations and removal efficiencies for the test conditions. The null hypothesis was that the average 
effluent concentration or removal efficiency was equal (e.g., Ho: average % removal of HDO – average % 
removal of LDO = 0). Prior to conducting the Welch t-test, a single sample student’s t-test was used to 
test the average and median values of a data set (Ho: average = median, α = 0.05), and if the difference 
between the average and median values was not significant, the data were assumed to have a normal 
distribution. 
 
2.4 Results and Discussion 
The investigation of hypoaerobic biological test conditions was conducted using residential 
wastewater that was clarified by either conventional primary settling (i.e., sedimentation) or fine mesh (2 
mm slot) screening. A comparison of the bench-scale and demonstration-scale results provides insight 
into the scalability of the bench-scale findings to a larger treatment system. 
 
2.4.1 Wastewater characteristics 
The Mines Park raw wastewater varies with changes in the student housing occupancy and storm 
water infiltration into the sewer collection system. These impacts are reflected in the characteristics of the 
primary clarifier effluent, as summarized in Table 2.2, with standard condition testing (January through 
April) concentrations higher than hypoaerobic testing (May through August) concentrations. 
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Although in the experiments we measured the COD concentrations of the wastewater, the food-to-
microorganism ratio (F:M) reported in the literature
20
 is based on the five-day biochemical oxygen 
demand (BOD5) test. To allow comparison of experimental conditions to the literature, a BOD5 to COD 
ratio of 0.75 was used to calculate the F:M ratio in Table 2.2, based on testing conducted during the 





Table 2.2. Primary clarifier effluent characteristics. The F:M ratio is calculated using a BOD5 to COD ratio 
of 0.75. The concentrations of constituents for the LDO-B and LDO-55 tests were lower than for the HDO-



















pH range F:M 
(g BOD5/g MLVSS-d) 
HDO-B 44.5 (5.40) 44.7 (4.98) 305 (85.8) 7.1-7.5 0.32 
LDO-B 22.4 (3.40) 22.9 (2.90) 240 (62.4) 6.5-7.2 0.23 
HDO-55 39.6 (3.97) 45.5 (3.71) 479 (24.7) 7.2-7.8 0.16 
LDO-55 21.7 (3.20) 24.4 (2.91) 273 (83.8) 7.0-7.4 0.11 






) was analyzed for bench-scale tests, and TN analyzed for demonstration-scale tests 
 
The primary clarifier effluent concentrations were generally lower during hypoaerobic condition 
testing; this is the result of conducting the testing during summer sessions when storm water infiltration is 
highest and student population is low. While the F:M ratios for all test conditions were within the 
acceptable range for SBRs (0.05–0.3 g BOD5 per g VSS),11 the bench-scale studies were 75–107% of the 
maximum recommended F:M ratio, while the demonstration-scale studies were 38–53% of the maximum 
F:M. 
 
2.4.2 Bench-scale testing 
The bench-scale reactor was seeded with 5–10 L of waste activated sludge (WAS) from the SB-MBR 
system. The sludge had poor settling characteristics, and the reactor was operated at low F:M for 1-2 
days to encourage floc formation and improve sludge settling. Once the sludge exhibited good settling 
characteristics, evidenced by a distinct sludge layer after 15 minutes of settling, the HDO-B testing 
commenced. When HDO-B tests were completed, the test conditions were switched to LDO-B settings, 
with LDO-B using the acclimated sludge from previous testing. In general, we observed good sludge 
settling under both test conditions, but observed that during LDO-B operation, the foam/scum layer was 
thinner than under the HDO-B operation. 
 
2.4.2.1 Bench-scale pollutant removal 
The trends in effluent nutrient and COD concentrations throughout the bench-scale study are shown 
in Fig. A3 of Appendix A, and the average effluent concentration and removal efficiencies are shown in 
Fig. 2.3. Under both HDO-B and LDO-B conditions a period of acclimation was needed to reach target 




 and 40 mg L
–1
 COD. During startup of the HDO-B tests the 
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biota adapted to differences in aeration, mixing, and settling conditions, and ammonium effluent 
concentrations dropped below the 5 mg N L
–1
 target between day 10 and day 14. Under LDO-B 




 on day 15—in contrast to 
the literature, which states that achieving nitrification under hypoaerobic conditions takes approximately 
30 days.
31,35
 The lower ammonium concentrations in the primary effluent may have contributed to the 
shorter acclimation period. 
Under both test conditions the effluent COD concentrations were near or below the target of 40 mg L
–
1
, with one exception under HDO-B conditions (day 48) when the effluent COD was 71 mg L
–1
 due to 
higher TSS concentration in the effluent. COD concentrations were higher than expected, and under 
HDO-B testing they were close to and slightly over the 40 mg L
–1
 target. In part, this may have been due 
to the accumulation of sludge on the effluent pipe during the settling and decant phases. After reaching 
steady state, the ammonium effluent concentrations were consistently below the target of 5 mg N L
–1
, with 
the exception of days 51 and 52 of the HDO testing when concentrations were 7.5 and 8.1 mg N L
–1
, 
respectively. However, the ammonium concentration returned to below 5 mg N L
–1
 on days 53-60 of the 
HDO-B test. The TIN concentrations were at or below 10 mg N L
–1
 in both tests, with the exception of 
those days in HDO-B testing when the ammonium in the effluent was high. 
 
 
Fig. 2.3. Comparison of removal efficiencies (columns) and effluent concentrations (points) of COD, 
ammonium, and TIN under standard (pink) and hypoaerobic (green) bench-scale test conditions. The 
removal efficiencies for the three constituents were similar, as were the effluent concentrations for 
ammonium and TIN. The notation “rem” is for % removal and subscript “e” is for effluent concentration. 
 
Results in Fig. 2.3 show that the effluent concentrations and ammonium removal efficiencies were 
similar under both test conditions. An independent-samples Welch t-test was conducted to compare the 
average effluent concentrations of ammonium (HDO-B = 2.5 mg N L
–1
, stdv= 3.4; LDO-B = 1.0 mg N L
–1
, 
stdv = 1.6), and the results (t(11)=1.2, p=0.252) show no statistically significant difference between the 
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stdv = 9%) and LDO-B (96% stdv = 9%) tests show that the average removal efficiencies were similar 
(t(13.3)=2.21, p=0.045), but at a significance level of α = 0.05 we cannot conclude that there is no 
statistical difference between the average removal efficiencies. 
The results of independent-samples t-test analyses of the TIN effluent concentration (HDO-B = 7.9 
mg N L
–1
, stdv = 3.4; LDO-B = 5.3 mg N L
–1
, stdv = 1.6) show no statistical difference in the average 
concentration of TIN in the effluent under the two test conditions (t(9.6) = 1.97, p = 0.079). Similarly, 
results indicate no statistical difference between the average removal efficiency of HDO-B tests (83%, 
stdv = 6%) and LDO-B tests (77%, stdv = 8%) (t(9.8) = 1.66, p = 0.13). 
The average effluent COD concentrations under HDO-B and LDO-B tests were 48 mg L
–1
 (stdv = 14) 
and 29 mg L
–1
 (stdv = 8), respectively. The independent-samples t-test on average effluent 
concentrations showed a statistical difference in the average effluent COD concentration (t(8.8) = 3.2, 
p=0.010), with LDO-B test producing effluent with lower COD concentration. However, similar statistical 
analysis on average removal efficiencies showed no statistically significant difference in the average 
removal efficiencies (t(15) = 0.83, p=0.416). The statistical analysis of constituents’ removal demonstrates 
that the performance of the LDO-B test system was equal to or better than the HDO-B test condition 
performance.  
The promotion of SND as the mechanisms of biological nitrogen removal has been proposed as a 
means to reduce oxygen requirements (and thus aeration and energy requirements) by 25%.
22
 The 




 ratio for both test conditions are shown in 




 ratio increased during the startup period, which 
may be attributed to faster growth of ammonia-oxidizing bacteria.
26
 Once the nitrite-oxidizing microbial 
population increased sufficiently, the nitrite concentration decreased and remained low during steady 




 ratios under 
low DO conditions are reported in the literature by Wen et al.
31
 for DO concentration of 0.2 mg L
–1
 and by 
Dangcong et al.
36
 at DO concentration of 0.8 mg L
–1
, but are in contrast to Zafarzadeh et al.
37
 who 
reported nitrite accumulation of approximately 25% at DO concentration of 0.6 mg L
–1
 in a moving bed 




 ratio (i.e., the lack of nitrite accumulation) indicates that reduction in 
energy requirements is not related to a reduction in the stoichiometric oxygen requirements, as would be 
found in simultaneous nitrification-denitrification (SND). Rather, the energy reduction may be the result of 
more efficient oxygen transfer due to the increased oxygen concentration gradient between the air 
bubbles and surrounding media, or a shift in the population of nitrifying organisms (e.g., a proliferation of 









          




 ratio under (a) HDO-B and (b) 




 ratio increased to 




 ratio was 
below 3% through the entire LDO-B test. 
 
2.4.2.2 Bench-scale energy requirements 
The DO concentration control was key to establishing test conditions, and the LabVIEW controller 
successfully maintained DO concentrations in the specified range. Typical DO profiles for both test 
conditions are shown in Fig. A4 of Appendix A. DO concentration was successfully controlled at 1.7–1.8 
mg L
–1
 during HDO-B tests and 0.7–0.8 mg L–1 during LDO-B tests. The DO concentration under 
hypoaerobic treatment conditions was slightly above the target of 0.8 mg L
–1
, but was accomplished by 
providing airflow of 3 L min
–1
, which was 40% lower than airflow provided during the HDO-B tests. 
The power requirement calculated for each test remained constant based on the air flow and an 
operating pressure of 3 psi. With the constant operating pressure, the difference in power requirements 
can be compared based solely on the difference in airflow for the two systems. During start-up of each 
test condition the air flow was varied and the DO profile analyzed to arrive at the optimal air flow without 
over aerating the bioreactor. The airflow of 5 L min
–1
 for the HDO-B tests provided sufficient air to keep 
the maximum DO concentration slightly lower than 2.0 mg L
–1
, indicating that 5 L min
–1
 was slightly lower 
than optimal. In contrast, the 3 L min
–1
 air flow used for the LDO-B tests provided a slightly over-aerated 
condition. 
The blower “ON” duration was calculated for each treatment cycle during three days in the last week 
of testing, once long-term stability of the system was established. The CV was 6% for all days analyzed, 
indicating that the data represent the typical operating conditions. The parameters used to calculate 
energy demand are summarized in Table 2.3, with the maximum and minimum energy requirements 
provided to show the variation during the treatment cycles within a 24-hour period. While nutrients were 
removed equally under both HDO-B and LDO-B tests, the LDO-B conditions were able to achieve the 
































































































Table 2.3. Theoretical power and energy demand under HDO-B and LDO-B bench-scale test conditions. 
Power requirements were 1.7 watts for HDO-B tests (air flow = 5 L min
–1
; P = 3 psisub) and 1.0 watt for 
LDO-B tests (air flow = 3 L min
–1
; P = 3 psi). The average energy requirement per liter treated was 70% 
lower under LDO-B conditions. 
HDO-B 



































Ave. 41.3 206 1.2 0.26 20.2 55 0.36 0.08 
Max 44.4 222 1.3 0.28 23.5 64 0.40 0.09 
Min 37.6 188 1.1 0.24 18.5 33 0.32 0.07 
 
2.4.2.3 Bench-scale SRT, observed yield, and substrate uptake 
The bench-scale data were used to estimate whether observed microbial yield decreased. The mass 
of VSS in the bioreactors and SRT during steady state operation for both test conditions are shown in Fig. 
2.5. During steady-state hypoaerobic operation the VSS concentration remained between 1.4 and 2 g L
–1
 
for most of the test cycle, while VSS concentration for HDO-B testing varied from 1.1 to 2 g L
–1
. The SRT 
for HDO-B tests was much more consistent than that during LDO-B testing. The data show that although 
the VSS concentrations in the bioreactor were similar under both test conditions, the SRT during the 
LDO-B tests was higher than those in the HDO-B tests. 
 
  
Fig. 2.5. (a) MLVSS concentration and (b) SRT for both conditions. While the concentration of MLVSS 
was similar for both bench-scale test conditions, the SRT for LDO-B was three to four times greater than 
for HDO-B testing. The SRT is based on the VSS concentration in the effluent, and the variability in SRT 
during the LDO-B tests reflects the changes in effluent suspended solids concentrations. 
 
The data used to calculate Yobs and rsu are summarized in Table 2.4. The data indicate that while the 
average substrate uptake rate (rsu) was reduced by 16% in the LDO-B system, the Yobs for the 
hypoaerobic condition was 79% lower than in the HDO-B system. The reduction in Yobs represents a 





















































extreme, the results indicate merit for further testing under more controlled conditions to quantify the 
reduction in yield. 
 
Table 2.4. Summary of parameters pertinent to the calculation of observed yield (Yobs) and substrate 
uptake rates (rsu). The Yobs for the LDO-B test was lower than the HDO-B test by a factor of 5, while the rsu 
was more similar in the two bench-scale tests. 
Parameter Unit HDO-B LDO-B 





 4.6 0.7 
ΔCOD G d–1 13.9 11.4 
Yobs g VSS/(g COD) 0.29 0.06 
rsu g COD/(L*d) 0.54 0.45 
 
2.4.2.4 Implications of bench-scale results 
The results from the bench-scale study demonstrated energy savings from reduced blower use and 
potentially from lower sludge production. Although the energy reduction is based on theoretical power 
use, the magnitude of the energy reduction provided a basis for further study. A second source of energy 
reduction may result from the lower Yobs found during the LDO-B study. Young & Koopman
13
 reported that 
aerobic solids stabilization accounted for 22% of plant energy use, and a reduction in biomass yield would 
reduce the mass of solids requiring stabilization. However, if the biomass yield is reduced by 79%, a 
negative consequence of hypoaerobic treatment may be slower recovery of the biological system in the 
event of an upset that inhibits the activity of microbial community. 
 
2.4.3 Demonstration-scale studies 
The experimental conditions of the demonstration-scale studies mirrored those of the bench-scale: 
the SBR operated with a 2-hour cycle, alternating aeration and anoxic conditions, with the DO 
concentration controlled to either 2.0 or 0.6 mg L
–1
. MLVSS concentration was established at 2.5–3.0 g L–
1
 for the testing to reflect the bench-scale conditions. As described in the Materials and methods section 
2.3.2.2, two conditions were tested: “standard” operation with 55 minutes of aeration and a DO set point 
of 2.0 mg L
–1
 (HDO-55); and “hypoaerobic” conditions with 55 minutes of aeration and a DO set point of 
0.6 mg L
–1
 (LDO-55). Note that while the aeration time is equal in both tests, the blowers are controlled by 
variable frequency drive motors, which adjust the air flow and optimizes the aeration (see section 2.4.3.2). 
 
2.4.3.1 Demonstration-scale organic and nutrient removal 
The trends in effluent concentrations throughout the demonstration-scale study are shown in Fig. A5 
of Appendix A, and the average effluent concentration and removal efficiencies are shown in Fig. 2.6. The 
COD concentrations in the effluent of the demonstration system were lower than those in the bench-scale 
system because the ultrafiltration membranes in the SB-MBR process reduced the suspended and 
colloidal solids in the effluent of the demonstration system. 
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Steady-state conditions (i.e., consistent removal of ammonium and COD to produce target effluent 
concentrations) were achieved rapidly under HDO-55 and LDO-55 conditions. The effluent TN on day 0 of 
the HDO-55 testing was 12 mg N L
–1
, and reflects the impact of the previous operating conditions under 
which denitrification was inhibited. After day 10 the effluent TN concentration in the HDO-55 system was 
less than 8 mg N L
–1
. In the LDO-55 testing, TN effluent concentration was initially near 5 mg N L
–1
, and 
remained below 10 mg N L
–1
 throughout the test period, with the exception of one day (day 32) when the 
TN concentration was 11.1 mg N L
–1
. 
When the operating conditions were changed from HDO-55 to LDO-55, the SB-MBR continued to 
demonstrate good nitrification; in contrast to bench-scale studies and those reported in the literature,
31,35
 
there was no acclimation period for nitrification under hypoaerobic conditions. This may be due to 
differences in test conditions between this study and those reported in the literature: this research tested 
DO concentration of 0.6 mg L
–1
 at demonstration-scale, while Wen, et al.
31
 reported DO set point of 0.1 
mg L
–1
, and Park and Noguera
35
 calculated the DO concentration of a 2-L chemostat in lieu of direct DO 
measurement. Based on the effluent concentrations of ammonium and COD, steady state was 
established at day 10 for HDO-55 conditions and day 2 for LDO-55 conditions. 
Under steady-state conditions the ammonium effluent concentrations were less than 2 mg N L
–1
 
throughout both HDO-55 and LDO-55 tests, and COD effluent concentrations were below 20 mg L
–1
, less 
than half of the target concentrations of 5 mg N L
–1
 and 40 mg L
–1
, respectively; thus, successful 
treatment was demonstrated under both test conditions. Similarly, the removal efficiencies for ammonium 
and COD were above 85% in both test conditions. 
The mean effluent TN concentration during LDO-55 tests was below mg L
–1
, but higher than HDO-55 
tests. The differences in the average TN effluent concentrations and removal efficiencies are statistically 
significant (independent-sample t-test t(9)=3.27, p=0.0115; t(5)=4.68, p=0.0045, respectively). Fig. 2.6 
shows that under LDO-55 conditions the TN removal efficiency was lower and the effluent TN 
concentration was higher than under HDO-55 conditions. The higher TN effluent concentration was likely 
not a function of hypoaerobic conditions, because the nitrification is impacted by availability of DO, and 
the average effluent ammonium concentration was 1 mg N L
–1
, indicating ammonium was being oxidized. 
Rather, given the low COD concentration of the influent during LDO-55 tests (see Table 2.2) the lack of 
denitrification is likely the result of carbon limitation during the anoxic sub-phases. 
Under hypoaerobic conditions (LDO-55) the effluent nitrite to nitrate ratio remained below 0.5%, with 
the exception of one day when the ratio was 1.5%. The results indicate that SND was not a removal 
mechanism in the demonstration-scale testing, which is commensurate with the findings of bench-scale 









Fig. 2.6. Removal efficiency and effluent concentration for the demonstration-scale studies. The notation 
“rem” is for % removal and subscript “e” is for effluent concentration. The removal efficiencies for COD 
and ammonium were statistically equal for HDO-55 and LDO-55, but TN removal efficiency was lower 
under LDO-55 test conditions. The removal efficiencies are similar to the bench-scale study removal 
efficiencies. 
 
2.4.3.2 Demonstration-scale blower and energy requirements 
Typical profiles for the DO concentration and cumulative energy use during a treatment cycle are 
shown in Fig. 2.7. The DO profile shows that during the first aeration sub-phase the DO was controlled to 
remain near the set points of 2.0 and 0.6 mg L
–1
 for the HDO-55 and LDO-55 conditions, respectively. 
However, while the DO concentrations for HDO-55 conditions were also maintained during the second 
aeration sub-phase, the DO concentration under hypoaerobic testing was much higher than the set point, 
even though the cumulative energy use increased by only 0.2 kWh (compared to a 0.6 kWh increase 
under HDO-55 conditions). The DO concentration trend indicates that COD and ammonium were both 
removed during the initial aeration sub-phase during LDO-55 tests. 
The cumulative blower use for each treatment cycle during a 24-hour period during the last week of 
testing was calculated and compared as described in the Materials and methods section 2.3.4. The CV 
for the air volume supplied during cycles of the HDO-55 testing was 6%, while the cumulative air volume 
supplied during a cycle for the LDO-55 test conditions was more varied. Review of daily patterns of 
blower use was expanded to five days of test cycles and the overall CV was found to be 14% during 
LDO-55 testing. The source of variability in the cumulative volume of air supplied during LDO-55 may be 
due to the limitations of the blowers’ variable frequency drive or the control algorithm. 
The energy and power use for each test condition were monitored for a minimum of three days during 
the last week of testing, after the long-term stability of the system had been established. Evaluating the 
average energy consumption during a cycle in the same manner as for the blower use in the bench scale 
study, the CV was lower than for blower use during both demonstration scale tests; each had a CV of 2% 

























































Fig. 2.7. Typical (a) dissolved oxygen profiles and (b) cumulative energy use during a demonstration-
scale treatment cycle. The DO profile shows that during the first aeration sub-phase the DO concentration 
was maintained near the set points under both test conditions. However, during the second aeration sub-
phase the LDO-55 tests show DO concentrations of up to 1.5 mg L
–1
, even though the volume of air 
supplied during the second sub-phase appeared to be relatively small compared to HDO-55 treatment. 
 
The power use under LDO-55 indicates that power was needed during the second aeration sub-
phase to slow the decline in the DO concentration, but during both aeration sub-phases less power was 
required to reach and maintain the target DO concentrations. The maximum power requirement during a 
typical cycle was reduced by 36%, (e.g., from 2.2 kW to 1.4 kW), and the cumulative energy use was 
reduced by 27%, from an average of 1.5 to 1.1 kWh cycle
–1
, or 1.23 kW per liter treated (kW L
–1
) to 0.9 
kW L
–1
. If extrapolated using data from Young & Koopman,
13
 the 27% reduction in blower energy provides 
an 18% reduction in energy requirements plant-wide. The United States Environmental Protection Agency 
reports that 10–30% energy savings (plant-wide) can be attained by careful control of aeration in an 
activated sludge treatment facility.
38
 
Direct comparison of blower energy savings under hypoaerobic conditions was not found in the 
literature, but the results of this research mirror energy savings reported by Wen et al.
31
 of 59% energy 
cost reduction for an SBR when the DO concentration was lowered to <0.2 mg L
–1
, and those inferred by 
Schuyler et al.
32
 who reported that the energy use at the Fresno-Clovis wastewater reclamation facility 
remained fairly constant while the organic loading increased by 20%. 
 
2.4.3.3 Demonstration-scale biomass yield and substrate uptake 
The SB-MBR effluent is permeate from an ultrafiltration membrane, and in contrast to the bench-scale 
studies, solids are not discharged with the effluent. Thus, the MLVSS concentration and SRT are 
controlled by adjusting the flow rate of the WAS. The concentration of volatile solids in SB-MBR 


































































Fig. 2.8. Comparison of (a) solids concentration and (b) SRT for the two demonstration-scale test 
conditions. During days 0–30 of the LDO-55 testing, the rate of sludge wasting was adjusted to maintain 
SRT of 15 days. Between days 30 and 93 the MLVSS concentration was maintained at 2–3 g L–1 to 
sustain nutrient and carbon removal and the associated SRT increased from 15 days to 36 days. 
 
During the initial operation of LDO-55 tests, the rate of sludge wasting was adjusted to establish SRT 
of 15 days, similar to the HDO-55 operation. However, due to the slower biomass growth, maintaining the 
SRT of 15 days resulted in MLVSS concentration as low as 1.6 g L
–1
. Therefore, the operation strategy 
was changed to maintain the MLVSS at 2–3 g L–1, regardless of the SRT, and consequently, the SRT 
increased to 36 days. 
A summary of operating parameters and concentrations of major constituents used for calculating 
experimental Yobs, rsu, and rg is provided in Table 2.5. For the purpose of calculating Yobs, rsu, and rg the 
data from days 40 to 93 of the LDO-55 testing were used, reflecting the period where the MLVSS 
concentration in the bioreactor was stable. 
 
Table 2.5. Summary of average operating parameters during demonstration-scale testing. The influent to 
the bioreactors was screened raw wastewater. MLVSS and WAS were used to calculate SRT. 
 
HDO-55 LDO-55 Units 
MLVSS-SBMBR 66.3 52.5 kg 
MLVSS BR1 2.7 2.5 g L
–1
 
VSSWAS 5.36 1.84 kg d
–1
 
Inf COD 479 273 mg COD L
–1
 
Eff COD 16.6 13.7 mg sCOD L
–1
 
Inf NH4 38.5 22.0 mg N L
–1
 
Eff NH4 0.71 0.41 mg N L
–1
 
Vol treated per day 29424 29424 L day
–1
 
B1 volume 9966 9966 L 
 
Calculated values of experimental Yobs, rate of growth (rg and µ), and substrate uptake rate (rsu and U) 









































lower than the Yobs under standard (HDO-55) conditions, and the specific growth rate was reduced by 
66% under LDO-55 testing. 
 
Table 2.6. Observed yield (Yobs), growth rate (rg), specific growth rate (µ), substrate uptake rate (rsu), and 
specific substrate uptake (U) based on demonstration-scale observations. Yobs is provided for COD and 
sCOD, and rsu calculated based on COD. The data show lower Yobs and U for LDO-55 tests compared to 
HDO-55 tests. 
Parameter HDO-55 LDO-55 Units 
Yobs 0.39 0.25 kg VSS/(kg COD) 
rg 0.27 0.092 g VSS/(L*d) 
µ (sp. rg) 0.10 0.037 kg VSS/(kg VSS*d) 
rsu-COD 0.46 0.25 g COD/(L*d) 
U- COD 0.26 0.15 kg COD/(kg VSS*d) 
rsu-NH4 0.057 0.030 g NH4/(L*d) 
U- NH4 0.22 0.12 kg COD/(kg VSS*d) 
 
Similarly, the specific growth rate (μ) was reduced by 63%. The growth of heterotrophs typically 
dominates the kinetics of an SBR treatment system, and slower growth rate due to reduced DO 
concentration and lower influent COD concentration can be estimated by applying a correction to the 
Monod kinetic model,
39
 as shown in equation 8: 
 � =  �  ∗  + �� ��+ �      (8) 
 





 and Ks is the half-velocity constant for the substrate concentration impact on heterotrophs 
(10-60 mg L
–1
, expressed as COD
20
). 
The operating parameters for standard conditions were chosen to ensure that neither DO nor COD 
are limiting and thus we assume that no corrections are needed for Yobs and µ found under HDO-55 
conditions. If Yobs and µ are corrected only for DO as a limiting substrate under LDO-55 conditions, we 
would expect Yobs and µ to be 0.8-0.9 of the HDO-55 values, and this does not fully account for the 
difference in Yobs and µ shown in Table 2.6. However, if Yobs and µ are corrected for both DO and COD, 
the cumulative corrections are 0.4–0.7. Based on Monod kinetic equations, the reduction in yield due to 
hypoaerobic conditions is estimated to be 10–12% compared to the standard conditions. Yobs under HDO-
55 is 0.39 g VSS / g COD. Using the ratio of BOD5 to COD found for the raw wastewater (0.75), the Yobs 
is 0.52 g VSS / g BOD5, which compares well to values found in the literature (0.4 to 0.8 g VSS / mg 
BOD5).
20,39,41,42
 The Yobs under hypoaerobic conditions was 0.25 g VSS / g COD (0.33 g VSS / g BOD5), 
which is lower than the range of Y under standard conditions described in the literature.
20,39,41,42
 
We note that while bench-scale testing properly predicted the trends in biomass production and 
energy savings, the scale of the savings was overstated—at bench-scale testing the reduction in Yobs 
under hypoaerobic conditions was twice as large as in the demonstration scale testing, and energy 
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savings at bench scale were 2.5 times higher than those found at demonstration scale. The testing at 
bench scale demonstrated the merit of taking the testing to demonstration scale, but the use of calculated 
theoretical power and energy did not translate well to the demonstration scale. 
 
2.5 Conclusion 
Stable biological treatment of residential wastewater was demonstrated using a hypoaerobic 
treatment environment. The treatment system removed COD, ammonium, and total nitrogen with effluent 
concentrations and removal efficiencies similar to control conditions, while reducing the blower energy 
requirements by 27% and power requirements by 36% at the demonstration scale. Fewer biomass solids 
were produced under hypoaerobic conditions, and this may provide additional energy savings. 
Furthermore, hypoaeration was implemented with no changes to aeration equipment or control 
algorithms, and the operation of the SB-MBR under hypoaerobic conditions did not require additional staff 
time once the concentration of MLVSS was stabilized, making hypoaeration a viable strategy for small, 
DNWR plants using limited onsite operations staff. Further testing to optimize conditions (e.g., increasing 
the F:M ratio, or reducing the duration of the aeration sub-phases) may provide additional energy savings 
and more research is needed to fully determine the extent of energy savings as well as microbial yield 
and substrate uptake rates. 
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3.1 Abstract 
An emerging strategy for urban water infrastructure includes distributed water supply, storm water 
management, and wastewater treatment to manage water within a utility basin. The use of reclaimed 
water to offset intra-basin water demand for irrigation can be a key component of such a strategy—
landscape irrigation is estimated to account for up to 70% of total potable water demand. Fertigation (i.e., 
irrigation with nutrient-rich water) with reclaimed water is able to offset fertilizer and potable water 
requirements, which provides an added benefit to end-users. However, research exploring fertigation 
water production in a decentralized setting is sparse. Two studies to produce high-nitrogen water using a 
sequencing batch reactor have been described in the literature. While nitrogen concentrations were 
increased, the changes in treatment resulted in a very low pH in the bioreactor (<5.0) and an increase in 
blower energy consumption (6.1–7.0%), or required substantial changes to the treatment operation. The 
research presented here demonstrates a new strategy, enhanced primary clarification coupled with a 
sequencing batch reactor (EPC-SBR) to produce nutrient rich water with a balanced nitrogen-phosphorus 
ratio for turfgrass fertigation. The EPC-SBR system was operated for 114 days and produced water with 
an average inorganic nitrogen concentration of 13.9 mg N L
–1
 and an average N:P ratio of 10.5:1, without 
substantial increase in blower energy use or extreme modifications to the SBR operations. 
 
3.2 Introduction 
In the United States, and in most developed countries, the predominant urban water infrastructure 
strategy is based on centralized water supply of a single product: potable water meeting strict standards 
to protect human health.
1
 The centralized model has served urban communities well, providing safe 
drinking water. However, as the gap between water supply and demand widens, relying on the 
centralized model may not provide the robust and sustainable water infrastructure.
2
 Integrated water 
catchment management, an approach that uses distributed water supply, storm water management, and 
wastewater treatment to manage water within a utility basin, is of growing interest to communities.
1,3
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aspect of integrated catchment management uses reclaimed water within the basin to offset water 
demand for end uses such as irrigation, groundwater aquifer replenishment, and wetland restoration.
2,3
  
Urban irrigation and fertilization (i.e., fertigation) using reclaimed water is an ideal component for an 
integrated management plan—turfgrass and lawns are estimated to be the largest irrigated crop in the 
US, and urban landscape areas can require up to 70% of domestic drinking water.
4
 Gikas & 
Tchobanoglous
2
 describe three potential water reclamation schemes (upstream type, interception type, 
and extraction type), and in each of the scenarios the DNWR plant is connected to the centralized 
wastewater treatment plant collection system, which allows untreated wastewater and waste sludge to be 
discharged to the sewers. While these scenarios are optimal for reducing the economic impact of the 
DNWR plant, they require adequate capacity in the conveyance system and treatment plant to receive 
excess treated or untreated wastewater when irrigation needs are reduced. Because ideal circumstances 
are not always available, and to increase the applicability of distributed water reclamation in an urban 
catchment area, some DNWR plants must be capable of producing water suitable for reuse on a 
continuous basis. For example, a DNWR plant designed to produce fertigation water for urban landscape 
must also be able to reuse the water during times when irrigation needs are low. In such cases, end uses 
such as groundwater recharge or environmental restoration may be appropriate, but they require a 
different quality of water with lower nutrient concentrations and lower total coliform concentration. 
Fertigation avoids excessive leaching of nutrients because the nutrients are applied in a manner that 
facilitates rapid absorption of nutrients in the root system, increasing the uptake of nitrogen (N), 
phosphorus (P), and trace nutrients.
5
 Historically, the over-application of nitrogen and phosphorus 
fertilizers has led to widespread groundwater contamination with nitrate
6
 and degradation of surface water 
due to runoff.
7
 To maintain groundwater concentrations of nitrate below 10 mg N L
–1
 (the maximum 
contaminant concentration set by the US Environmental Protection Agency), Hagin et al.
5
 recommend the 




) in three split applications of dry 
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split fertigation applications. The guidance illustrates that frequent application of smaller doses of fertilizer 
protects the groundwater and supplies more nutrients to the plants. Sevostianova and Leinauer
4
 reported 
that irrigating with reclaimed water containing 10-25 mg L
–1
 of nitrogen continuously during a year-long 
growing season is less likely to result in nitrate leaching from the root zone compared to 50 mg L
–1
 or 
higher applied over a shorter time span. 
Agricultural guidance for fertilizer application notes that excess phosphorus is not expected to 
contribute to surface water degradation (i.e., eutrophication) because it adsorbs to rooting medium,
5
 and 
the plants can take up the phosphorus at a later time. However, adding excess phosphorus over 
extended periods causes buildup in soils and may increase concentration of phosphorus in surface runoff 
or lateral subsurface flow.
7,8
 Thus, for fertigation to be beneficial for landscape and protective of the 
environment, the nutrient-rich water needs a balance of nitrogen and phosphorus. 
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The literature offers guidance for nitrogen and phosphorus applications, and notes that requirements 
will vary over the course of a growing season. Sevostianova and Leinauer suggest nitrogen 
concentrations of 10–17 mg N L–1 for 12-month growing seasons, and 21–28 mg N L–1 for 7- to 10-month 
growing seasons for turfgrass.
4
 Hagin et al. define N:P profiles ranging from 0.5:1 to 4:1 for fertigation 
water,
5
 though the ideal profile for crop uptake is reported to be 7:1 to 11:1.
5,7
 
Conventional wastewater treatment plants remove chemical oxygen demand (COD) and nutrients, 
and produce water with concentrations of nitrogen and phosphorus too low to meet crop needs.
8
 
Additionally, conventional activated sludge treatment plants are not designed nor operated to remove 
inorganic salts (e.g., sodium and chloride); DNWR plant effluent may damage crops or soil if salts are 
present in high concentration.
4,8
 When year-round irrigation is not required, groundwater replenishment or 
surface water augmentation may be a viable reuse option for the off-season. For these reuse 
applications, nitrogen must be removed to minimize the contamination of the groundwater by nitrate, and 
in some instances, if the groundwater recharge directly impacts local base stream flow, phosphorus must 
also be removed.
8
 While the USEPA recognizes soil-aquifer treatment as a viable means to reduce 
nitrogen,
8
 the concentration in reclaimed water is reduced to 15 mg N L
–1
 or less prior to subsurface 
infiltration. Thus, a decentralized DNWR plant that can tailor the effluent for both fertigation and 
environmental restoration would be an ideal tool for integrated watershed management. 
Tailored water reuse (i.e., reclamation of water to different target quality) has been explored for large, 
centralized plants. Cornel and Weber
9
 stated that due to economic constraints, tailored water reuse was 
feasible for plants with flows higher than 15 million liters per day (ML day
–1
) and proposed a treatment 
strategy for a plant with flow of 75 ML day
–1
. The proposed treatment included two separate treatment 
trains, one of which could be operated for fertigation to produce high-nitrogen fertigation water, and a 
second that continuously produces discharge-quality effluent by maintaining needed biomass for 
nitrification.
9
 The effluents could be blended, or in the non-irrigation season, nitrification could be rapidly 
restarted in the fertigation basin by seeding it with activated sludge from the effluent production basin. 
Tran et al.
10
 developed a model/decision-support tool to evaluate economic viability of blending effluent 
from different treatment trains within a large plant. The model includes blending influent, primary or 
secondary effluents, as well as desalinated water, to produce fertigation water suitable for specific crop 
needs.
10
 Research exploring tailored water reuse at DNWR plants is sparse. 
Vuono et al.
11
 produced tailored water in a hybrid sequencing batch-membrane bioreactor (SB-MBR) 
by adjusting the length of aeration and non-aeration phases during a treatment cycle. They reported 
average effluent nitrogen and phosphorus concentrations of 9.4 mg N L
–1
 and 4.2 mg P L
–1
, respectively, 
when the length of anoxic phase was shortened, and 4.3 mg N L
–1
 and 1.4 mg P L
–1
, respectively, when 
an additional anaerobic treatment phase was added, and subsequent anoxic treatment phase reduced. 
The average pH of the activated sludge was 7.5 under both tailored water treatments. 
Benecke
12
 attempted to increase the nitrogen concentration in tailored water by inhibiting 





 could be produced, but the pH of the activated sludge dropped below 5. The results indicated 
that alkalinity was depleted from the activated sludge and treatment could not be sustained at the low 
pH.
12,13
 Furthermore, the energy requirements to produce high-nitrate fertigation water were 
approximately 6.1–7.0% higher than requirements for effluent-quality water production. 
A second strategy to inhibit nitrification by reducing the concentration of biota in the activated sludge 
was explored through operation at low solids retention time.
12,13
 Although ammonia concentration above 
30 mg N L
–1
 was achieved with no substantial reduction in pH, the low biomass concentration could not 
be used to produce water for alternate reuse applications such as surface water augmentation. This is 
because recovery of the biomass concentration needed to achieve higher removal of COD, nitrogen, and 
phosphorus would require an extended period of time.
12,13
 
A potential strategy to achieve tailored water reuse for fertigation and effluent-quality water for 
groundwater or surface water augmentation is EPC using inorganic coagulants. In EPC, phosphorus and 
suspended solids removal are increased by the addition of coagulants coupled with flocculants. 
Coagulants chemically complex inorganic compounds such as phosphate and alkalinity to form insoluble 
compounds, and the coagulants and flocculants mitigate the repulsive forces that naturally occur between 
organic matter, allowing particles to form larger, denser floc that settle easily. The reduction of alkalinity 
will inhibit nitrification—thus increasing the effluent nitrogen concentration. However, in contrast to the 
results described by Benecke, the metal hydroxides formed through reactions with the coagulant are 
weak bases,
14
 and these may provide a means to maintain pH in the range needed for biological activity. 
Coagulants typically used include iron or aluminum-based inorganic salts or lime, and flocculants are 
typically organic polymers. EPC using ferric chloride has been successfully employed at the Point Loma 
Wastewater Treatment Plant in San Diego, CA. The plant uses EPC as a sole treatment before discharge 
to the ocean, and the average effluent concentrations of ammonia and phosphorus in the effluent are 
34.5 mg N L
–1
 and 5.2 mg P L
–1
 (15.9 mg PO4 L
–1
), respectively. 
The main objective of this research project was to establish means to tailor water reclamation 
treatment to produce water for fertigation, surface water augmentation or groundwater replenishment in 
decentralized settings. The overarching goal was to develop a robust treatment strategy that produces 
reclaimed water over extended periods of operation without substantially increasing energy requirements 
or requiring extensive system modifications. In an earlier publication we described a hypoaerobic 
biological treatment with reduced energy requirements capable of producing effluent with nutrient and 
COD concentrations suitable for similar beneficial reuse.
15
 The research presented here addresses the 
production of water for fertigation by incorporating EPC into the same SBR treatment system used for 
decentralized water reclamation and reuse. The impacts of EPC on the nitrogen concentration, N:P ratio, 
stability of biological treatment, dissolved solids concentration, and trace nutrient profiles were 




3.3 Materials and methods 
In this study we tailored residential wastewater treatment for two product specifications, 
surface/ground water augmentation and fertigation water for turfgrass irrigation. Different primary 
clarification schemes were used: CPC was used for surface/ground water augmentation, and EPC for 
production of fertigation water. Effluents from the two primary clarification treatments were treated in 
sequencing batch reactors (SBRs) under hypoaerobic conditions (dissolved oxygen (DO) concentrations 




 Fertigation water production experiments were conducted in two phases. Jar and 
small batch testing were first utilized to evaluate three coagulants for use in EPC using nutrient targets 
found in the literature and the California Title 22 requirements as a guidelines. Based on results from the 
small batch testing, continuous operation of an EPC-SBR was conducted to demonstrate the stability and 
efficacy of EPC to produce fertigation water during phase 2 of the study. The use of CPC to produce 




3.3.1 Water quality targets 
Reclaimed water that will be used for surface/ground water augmentation requires low carbon and 
nitrogen concentrations to protect receiving water bodies. For this study, the target effluent concentration 
for organic constituents was 40 mg L
–1
 of COD, based on criteria for wastewater secondary treatment 
standards of 30 mg L
–1
 BOD5 and 0.75 BOD5:COD ratio for residential wastewater.
15
 The nitrogen 
concentration target was 10 mg N L
–1
 total inorganic nitrogen (TIN) based on 10 mg N L
–1
 maximum 
concentration of nitrate (NO3
–
) in drinking water and the assumption that ammonium (NH4
+
) present in the 
reclaimed water will be oxidized to nitrate by bacteria in the soil as the water percolates through the 
unsaturated soil column. An ammonium (NH4
+
) target concentration of 5 mg N L
–1
 was used in 
consideration of protecting aquatic species. 
The target nutrient concentrations for the fertigation water are summarized in Table B1in Appendix B. 
Two ranges are defined for nitrogen: 11–25 mg N L–1 for year-round irrigation and 22–28 mg N L–1 for 
shorter growing seasons.
4
 Similarly, two values are targeted for the N:P ratio; one (7:1–11:1) is based on 
crop uptake
7
 and the lower range (0.5:1–4.1:1) is based on N:P ratios typically found in fertigation 
recipes.
5
 The N:P ratio is based on phosphorus reported as P2O5, which is commensurate with typical 
agricultural reporting,
5
 while the target phosphorus concentration for the effluent is listed as both P2O5 
and PO4, because PO4 is a typical reporting parameter for wastewater treatment. 
Additional measurements of conductivity, salinity, chloride concentration, sodium-to-calcium ratio (i.e., 
soil adsorption ratio, SAR), and concentrations of specific inorganic constituents listed in the USEPA 
Guidelines for Water Reuse
8
 were conducted to determine the potential impacts of the reclaimed water on 
turfgrass. The potassium concentration in the effluents was measured to determine the ratio of nitrogen to 
potassium in the effluent. No target values were established for sodium, potassium, salinity, or chloride 
because the concentrations are dependent on the influent characteristics and may be influenced by the 
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addition of a coagulant, but they are not substantially reduced by biological treatment, and thus the 
concentrations could not be lowered if needed in the EPC-SBR treatment system. 
 
3.3.2 System description 
3.3.2.1 Jar testing and small batch testing 
Jar testing was used to identify optimal doses for three coagulants: ferric chloride, aluminum sulfate, 
and calcium hydroxide. Both jar and small batch tests were conducted using a Phipps & Bird 6-paddle jar 
stirrer (model 7790-400, Phipps & Bird, Richmond VA) and six 2-L square jars. Batches of wastewater 
were collected in a 20-L carboy, which was thoroughly mixed prior to transferring wastewater into the 2-L 
jars. 
 
3.3.2.2 Continuous testing 
Continuous testing was conducted using two automated primary clarification systems and an 
automated SBR system. A schematic drawing of the EPC primary treatment is presented in Fig. 3.1. The 
EPC system was designed as a low-energy system that could be implemented as a retrofit to an existing 
treatment plant: chemicals were dosed into a rapid mix chamber that was aerated and stirred, mirroring 
conditions in an aerated grit chamber, and the clarifier design was based on an upflow sludge blanket 
clarifier
16
 that could be implemented in a circular primary clarifier. 
 
 
Fig. 3.1. Enhanced primary clarification treatment system. Raw wastewater and coagulant were dosed 
into the bottom of the rapid mix chamber and polymer is dosed just before the effluent port. The rapid mix 
chamber was stirred and aerated and provided approximately 3 min detention time. Approximately 10 min 
of flocculation was provided in the tubing from the rapid mix chamber to the clarifier and in the cone 
placed below the water surface inside the clarifier. The clarifier was an upflow sludge blanket type, with a 
working volume of 40–56 L and up to 19 L of sludge storage. Sludge was wasted 8 times per day, with 




For both CPC and EPC systems, raw wastewater was dosed to an influent tank once per hour for 10–
15 minutes. The tank was continuously mixed by an overhead stirrer and excess wastewater overflowed 
to sewer. Raw wastewater from the influent tank was continuously fed to the CPC or EPC system at a 
rate of 0.9–1.0 L min–1, using a Masterflex peristaltic pump (Cole-Parmer, Vernon Hills, IL). The CPC 
clarifier (30 cm diameter PVC pipe with 127 cm working depth, for a total of 90 L) provided approximately 
90 min retention time. Approximately 25 L of sludge was wasted from the clarifier daily and the scum layer 
was removed manually as needed. Effluent from the primary clarifier was transferred into the SBR at the 
beginning of each SBR treatment cycle, with excess primary effluent overflowing to sewer. 
During EPC testing the raw wastewater was pumped into the rapid mix chamber constructed of a 10-
cm diameter and 36-cm high clear PVC pipe. Coagulant was injected into the rapid mix chamber near the 
bottom and the polymer was injected into the chamber 25 cm above the bottom, near the effluent port. Air 
for mixing was injected into the wastewater feed hose using an aquarium blower and additional mixing 
was induced using a magnetic bar stirrer. The effluent port was 30 cm above the bottom of the rapid mix 
chamber, providing approximately 3 min hydraulic retention time. 
Rapid mix effluent was pumped into the mixing zone of a 57-L cone-bottom tank having an adjustable 
working volume of 40–50 L. An inverted cone (30 cm height with base diameter of 30 cm) was secured in 
the clarifier and served as a flocculation chamber. Wastewater mixed with coagulant and polymer was 
introduced at the top of the submerged cone, traveled through the cone, and emerged at the lower rim. 
Turbulence created by the influent as it descended through the cone supplied mixing for flocculation, 
providing a total flocculation time of approximately 10 min. As the flocculated wastewater exited the cone 
and ascended toward the effluent weir, its velocity slowed and allowed the floc to settle. Additional solids 
removal was gained by maintaining a sludge blanket depth near the bottom of the cone, causing floc to 
mix with settled solids, enmeshing smaller particles and increasing floc size. 
The effluent weir was constructed of 2.54-cm diameter rigid PVC pipe connected to two 90° elbows 
and configured to allow adjustment of the effluent level. The pipe contained 6 effluent ports, each 6.4 mm 
in diameter along the bottom edge of the pipe, drawing from below the surface of the water and 
minimizing scum overflowing with the effluent. Sludge was removed from the clarifier by a pump operated 
on a mechanical timer, and the sludge blanket in the primary clarifier was maintained at 12–15 L. Based 
on the design flow of 0.9–1.0 L min–1, approximately 10 min of flocculation and 35 min of settling were 
provided in the clarifier. 
Stock solutions of ferric chloride and polymer were prepared, and these were further diluted to feed 
solution concentrations used to dose the EPC system. Concentrated ferric chloride stock contained 500 g 
of anhydrous FeCl3 (PVS Technologies, Inc., Detroit, MI) dissolved into tap water to a final volume of 2 L. 
The stock solution was diluted to the dosing solution concentration of 4,100 mg L
–1
 (as FeCl3), which was 
transferred to a 90-L closed-top plastic drum for dosing the EPC system. Anionic polymer stock solution 
was prepared by adding 60 mL of anionic polymer (Nalclear ® 8181, Nalco Company, Naperville, IL) to 
hot tap water to a final volume of 3.75 L, and stirring the mixture on a heated magnetic stir plate for a 
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minimum of 8 hrs. The dosing solution concentration was adjusted as needed to maintain good floc 
formation, and varied from 380 to 460 mg L
–1
, with target polymer dose to the EPC system varying from 
4–6 mg L–1. 
A schematic drawing of the SBR used for biological treatment is shown in Fig. 3.2. The bioreactor 
was constructed of 1.3 cm thick acrylic plates with total volume of 35 L, and a working volume of 26 L. 
Mixing throughout the ‘fill’ and ‘react’ phases was accomplished with an overhead mixer having a 5-cm 
diameter impeller. Aeration was provided by a linear air pump (Alita Industries Arcadia, CA) and 30.5-cm 
long aquarium air diffusion bar (Aqueon, Franklin, WI). The temperature was maintained at 19–20 °C 
using a 50-watt preset aquarium heater (Aqueon, Franklin, WI) controlled by an external thermostat 
(Johnson Controls, Inc., Milwaukee WI). The SBR was dosed with either CPC or EPC effluent at the 
beginning of each SBR cycle. 
 
 
Fig. 3.2. A schematic drawing of the SBR used for continuous EPC-SBR testing. The working volume of 
the reactor was 26 L and the SBR was decanted through a port set at 21.5 L. Mixing was provided 
continuously throughout anoxic and aerobic phases of treatment, and the blower was turned on/off by the 
controller during aerobic treatment phase to maintain DO in the range of 0.7–0.8 mg L–1. 
 
The DO concentration in the SBR was monitored using a luminescing DO probe and an SC200 
microprocessor controller (Hach Company, Loveland, CO). Data logging and blower control were 
provided by a LabJack EU9-Pro data acquisition and control unit (LabJack Corporation, Lakewood CO) 
and LabVIEW graphical programming platform (National Instruments Corp., Austin, TX). Treatment 
phases of the SBR included ‘fill’, ‘react’, ‘settle’, and ‘decant’. During the ‘react’ phase, aeration was 
delivered in two sub-phases. Mixing was continuous throughout the ‘fill’ and ‘react’ phases. Details of the 
cycle phases, aeration sub-phases, and mixing are illustrated in Fig. B2 in Appendix B. The in-line blower 
was turned on or off by the control system to maintain the target DO concentration programmed in the 
LabVIEW controller, and the time periods of blower “ON” were logged by the LabVIEW program. Air flow 
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rate was controlled to 3 L min
–1
 by a rotameter equipped with a control valve (Dakota Instruments, 
Orangeburg, NY), and air pressure was monitored using a multipurpose analog pressure gage 
(McMaster-Carr, Elmhurst IL). Clarified effluent was withdrawn from the bioreactor through a port set at 
21.5 L using a peristaltic pump. 
 
3.3.3 Experimental design 
3.3.3.1 Jar and small batch testing 
Jar testing was conducted using accepted Jar Testing protocol
17
 of the three coagulants ferric 
chloride (FeCl3) (PVS Technologies, Inc., Detroit MI), aluminum sulfate (Al2(SO4)3•18 H2O) (Sigma 
Aldrich, St. Louis, MO), and calcium hydroxide (Ca(OH)2) (Sigma Aldrich, St. Louis, MO). Coagulant 
target doses were based on the typical concentrations reported in the literature,
18,19
 and doses were 
varied from 0.25x to 2x the typical dose, with a control (no coagulant added) included in each test set. 
After solids settling, the optical density of each supernatant was recorded, and the turbidity was 
calculated using an optical density–turbidity calibration curve developed during jar testing (see section 
3.3.4). An optimal dose was identified for each coagulant, and additional jar tests were conducted using 
the optimal coagulant dose and varying polymer dose, rapid mixing method (i.e., impeller or aeration), 
and flocculation operating speed. 
Ferric chloride and aluminum sulfate stock solutions of 10,000 mg L
–1
 and a calcium hydroxide stock 
solution of 20,000 mg L
–1
 were used for jar and small batch testing. A nonionic polymer (Nalclear ® 8181, 
Nalco, Naperville, IL) stock solution of 10,000 mg L
–1
 was prepared and added to all jar and batch tests 
containers with the exception of the control. Based on results from jar testing, small batch testing of EPC 
was conducted using the optimal dose of coagulant and polymer (60 mg Al2(SO4)3 L
–1
, 60 mg FeCl3 L
–1
, 
200 mg Ca(OH)2 L
–1
, and 2 mg L
–1
 polymer). The jar and small batch test conditions are summarized in 
Table B2 in Appendix B. 
The small batch tests included a series of seven tests for each coagulant using raw wastewater. For 
each test, 2 L of wastewater with the optimal doses of coagulant and polymer were added to six 2-L jars. 
Rapid mixing and flocculation were induced by the jar stirring equipment according to conditions 
summarized in Table B2 in Appendix B. At the end of the settling time, a 120-ml sample of supernatant 
was collected from each jar and combined to make a single (composite) sample for the test. Thus, for 
each coagulant, a total of seven composite samples were generated, and from these, three samples were 
randomly chosen for analysis. Analyses included quantification of total and volatile suspended solids 




), alkalinity, and pH using 
methods described in Section 3.3.4. 
 
3.3.3.2 Continuous testing 
Continuous testing was first conducted with CPC-SBR and subsequently with EPC-SBR. Both tests 
were conducted using hypoaerobic conditions during aeration phases of the treatment cycle. The SBR 
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was seeded with activated sludge from the Mines Park (Golden, Colorado) demonstration-scale SB-MBR 
at the start of CPC-SBR testing, and the biota was given time to acclimate to the operating conditions of 
the SBR. When the CPC-SBR tests were complete, the dosing of the SBR was switched to the EPC 
primary clarifier and operation continued for the remainder of the study. The cycle durations of the CPC 
treatment phase were: first anoxic: 20 min, first aeration: 40 min, second anoxic: 15 min, second aeration: 
20 min, settling: 15 min, and decant: 10 min. Identical operating conditions in the SBR were maintained 
during both tests (CPC and EPC), with the exception that during EPC tests the second anoxic phase was 
shortened by 5 min and the settling time increased by 5 minutes. Based on the results of the small batch 
tests, ferric chloride and polymer were chosen for continuous testing, using an initial dose of 45 mg L
–1
 
FeCl3 and 4 mg L
–1
 polymer. When the ambient temperatures began to decline, the polymer dose was 
adjusted as needed to maintain good floc formation based on visual observations in the EPC clarifier. 
Pumps were calibrated once every two weeks and supply tubing was checked for blockage once every 
four weeks and changed as needed. DO probes were calibrated once per month. 
Composite samples were collected 1–2 times per week, and sampling points included the influent 
tank, primary clarifier effluent, and SBR effluent. A programmable peristaltic pump (Cole-Parmer, Verner 
Hills IL) was used to transfer 200-ml aliquots of influent and primary effluent into refrigerated influent and 
effluent sample containers, respectively, every two hours. For SBR sampling, portion of the SBR effluent 
from each batch was diverted to a 20-L carboy stored at ambient temperature. Periodically throughout the 
day, the carboy was thoroughly mixed, and an aliquot equal to 100 ml cycle
–1
 was withdrawn and 
transferred to a refrigerated sample container. 
The temperature, pH, and electric conductivity of the samples were measured at the end of the 
sample period with a bench-top multi-meter (ThermoScientific, Weltham, MA), and alkalinity was analyzed 
using digital titration (Hach method 8203, Hach Co., Loveland, CO). Influent, primary effluent, and SBR 
effluent were analyzed for total and volatile suspended solids (TSS and VSS) following Standard Methods 
2540 procedures, using a Whatman Glass Fiber filter (GF/C, VWR International, Radnor, PA). 
 
3.3.4 Chemical and bulk analysis 
For jar testing, a calibration curve relating the optical density to turbidity was developed by measuring 
the percent absorbance of Formazin turbidity standards (Hach 2100Q Portable Turbidimeter, Loveland 
CO). Absorbance was measured using a single wavelength (860 nanometer), and converted to turbidity, 
reported as nephelometric turbidity units (NTU). The trends in turbidity were used to establish the point at 
which increasing the coagulant dose provided little to no reduction in turbidity. 
For small batch tests, influent and supernatant samples were analyzed, and for continuous testing, 
the influent, primary clarifier effluent, and SBR effluent samples were analyzed. Analyses included total 
and soluble COD (sCOD), ammonium, nitrate, nitrite, and reactive phosphate (Hach methods 8000, 
10205, 10206, 8507, and 8114, respectively, Hach Co., Loveland, CO). Influent COD samples were 
homogenized prior to analysis by blending raw water in a Magic Bullet blender (Homeland Housewares, 
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Los Angeles, CA) for 30 sec, and samples for sCOD were prepared by filtering raw sample through 0.45 
micron syringe filters (VWR International, Radnor, PA). Nitrogen removal was evaluated using TIN, 
determined by adding the concentrations of ammonium, nitrate, and nitrite. 
Dissolved organic carbon (DOC) concentrations were measured on small batch test samples using a 
carbon analyzer (Shimadzu TOC-L, Columbia, MD). DOC samples were prepared by filtering raw sample 
through a 0.45 µm membrane filter (Pall Corporation, Port Washington, NY, USA) into an instrument vial. 
Samples were acidified to a pH 2 with concentrated hydrochloric acid and refrigerated at 4 °C until 
analyzed. 
The concentrations of inorganic constituents were measured for samples of small batch effluent and 
continuous treatment effluent. Grab samples of influent and effluent were filtered using a 0.45 µm 
membrane filter (Pall Corporation, Port Washington, NY, USA). Concentrations of anions were measured 
using ion chromatography (Dionex ICS-90 Ion Chromatography Systems, Sunnyvale, CA, USA). Cation 
concentrations were measured by Inductively Coupled Plasma - Atomic Emission Spectrometry (ICP-
AES, Perkin Elmer Life and Analytical Sciences, Shelton, CT, USA), and samples were preserved with 
concentrated nitric acid and stored at 4 °C until analyzed. 
 
3.3.5 Comparison of energy requirement for air pump in the EPC and CPC systems 
At a frequency of once every 2 seconds, the LabVIEW program logged a value “1” when the air pump 
was “ON” and a value of “0” when it was off. Because the airflow to the bioreactor was 3 L min–1 under 
both CPC and EPC conditions, the relative energy requirements of the SBR under both test conditions 
was evaluated by comparing the length of time a blower was active during a treatment cycle. To calculate 
the air pump “ON” time for a test condition, the data for a minimum of 36 treatment cycles were extracted 
from the LabVIEW log files. For each cycle, the blower “ON” duration was recorded, and an average, 
standard deviation (stdv), and coefficient of variance (CV) for the cycles were calculated.  
 
3.3.6 Statistical analysis 
Statistical analyses of pertinent effluent parameters were conducted to better understand the 
performance of the EPC system. A two sample, unequal variances t-test (Welch’s t-test) with a 
significance level of 0.05 (α=0.05) was used to compare the average effluent concentrations to target 
values for fertigation water, and average blower time “ON” for the EPC and CPC treatment cycles. Prior to 
conducting the Welch t-test, a single sample student’s t-test was used to test the average and median 
values of a data set (Ho: average = median, α=0.05), and if the difference between the average and 
median values was not significant, the data were assumed to have a normal distribution. 
 
3.4 Results and Discussion 
In this research we investigated water reclamation for two distinct purposes: surface/ground water 
reuse and irrigation with specific nutrient content. Biological treatment in an SBR under hypoaerobic 
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conditions was used to treat CPC effluent for surface/ground water reuse and EPC effluent for the 
production of fertigation water. Prior to conducting continuous biological testing of EPC effluent, jar tests 
and small batch tests were conducted to choose a suitable coagulant and appropriate dose, and to 
assess the feasibility of EPC to produce fertigation water. Continuous biological testing in an SBR was 
conducted first on CPC effluent for 43 days, followed by treatment of EPC effluent for 114 days. 
 
3.4.1 Water reclaimed for surface/ground water augmentation 
The production of water suitable for surface/ground water augmentation using CPC followed by 
hypoaerobic treatment in an SBR (CPC-SBR) has been described previously,
15
 and is addressed only 
briefly here. The average nutrient concentrations in the CPC-SBR surface/ground water reuse water were 
1.0 mg N L
–1
 (stdv = 1.6) ammonium (NH4
+
), 5.3 mg N L
–1
 (stdv = 1.6) TIN, 29.0 mg L
–1
 (stdv = 8) COD, 




 (stdv 2.1) phosphorus. The effluent TSS concentration was 11.8 mg L
–1
 (stdv 6.9 
mg L
–1
). The calculated blower energy requirement was 0.08 ± 0.008 kWh per m
3
 water treated. 
 
3.4.2 Coagulant selection, optimization of EPC operating parameters, and fertigation impacts 
Jar testing was used to determine coagulation efficiency and optimum doses. The results are shown 
in Fig. B2 in Appendix B and optimum doses were found to be 60 mg L
–1
 for aluminum sulfate (Al2(SO4)3), 
60 mg L
–1
 ferric chloride (FeCl3), and 200 mg L
–1
 for calcium hydroxide (Ca(OH)2). Additional jar testing 
was used to identify optimum polymer dose, rapid mix speed, and tapered flocculation speed and 
duration. 
Based on the results from jar tests, small batch testing was conducted with coagulants and a polymer 
dose of 2 mg L
–1
, and the rapid mix and flocculation protocol as summarized in Table B2 in Appendix B. 
EPC results were used to evaluate whether the effluent contained nutrients in sufficient concentrations, 
using ammonium as the nitrogen source, and reactive phosphate as the phosphorus source. Results 
were also used to gain understanding of how the reactions of coagulants and wastewater impacted the 
effluent quality with respect to inorganic constituents
20-22
 and to establish whether EPC alone (i.e., without 
subsequent biological treatment) could produce oxidized water that comply with Title 22 of the California 
Administrative Code of Regulations reuse standards (22CCR Division 4 §60301.650). The results from 
the small batch testing were compared to 2014 monthly average effluent concentrations from the Point 
Loma Wastewater Treatment Plant (Point Loma) in San Diego, California, which employs ferric chloride-
based EPC as the only treatment prior to discharge.
23
 
Small batch test results (Table B3 in Appendix B) demonstrated that EPC reduced effluent 
suspended solids and total COD concentrations below the control (i.e., CPC)—the average TSS and 
COD concentrations (and standard deviation) in the CPC effluent were 83±9.3 mg L
–1
 and 267±39 mg L
–1
, 
respectively, while the EPC effluent TSS concentrations ranged from 13.4 mg L
–1
 to 41.3 mg L
–1
 and 
COD concentration from 142 mg L
–1
 to 169 mg L
–1
. The TSS and COD effluent concentrations were in the 
range of Point Loma effluent concentrations for 2014.
23
 Ammonium concentrations of EPC effluent for 
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different coagulants were similar to each other and to those of Point Loma, with less than 20% of influent 
ammonium removed by aluminum sulfate and ferric chloride and 35% removed by calcium hydroxide. 




 with aluminum sulfate 









calcium hydroxide coagulant) and EPC effluent alkalinity concentration (121±13 mg L
–1
 as CaCO3 with 
aluminum sulfate, 152±36 mg L
–1
 as CaCO3 with ferric chloride, and 209±40 mg L
–1
 as CaCO3 with 




 and 284 mg L
–1
 as 
CaCO3, respectively). The effluent nitrogen and phosphorus concentrations of the EPC treatments and 
the resulting N:P ratios (mg N L
–1
 to mg P2O5 L
–1
) are shown in Fig. 3.3. The ammonium concentrations 
(31.5–40.5 mg N L–1) were above the target concentration of nitrogen for both continuous (11–25 mg N L–
1
) and seasonal (22–28 mg N L–1) fertigation, and the N:P ratios for aluminum sulfate and ferric chloride 
effluents (24:1 and 33:1, respectively) and calcium hydroxide (16:1) were higher than the target range of 
7:1 to 11:1.
4
 Thus, if primary effluent were used for fertigation, dilution would be required to lower the 
ammonium concentration, and the resulting phosphorus concentration would be below turfgrass 
requirements. 
 
   
Fig. 3.3. Comparison of influent (Inf), control (Cont) effluent and EPC effluent (a) concentrations for 
ammonium (NH4
+
, mg N L
–1
) and phosphorus (P, mg PO4 L
–1
) and (b) nitrogen to phosphorus ratio (mg N 
L
–1
 to mg P2O5 L
–1
). Coagulant doses were: ferric – 60 mg FeCl3 L–1, alum – 60 mg Al2(SO4)3 L–1, and lime 
– 200 mg Ca(OH)2 L–1. In all tests, the nitrogen concentration was higher than the 11–28 mg L–1 target. 
The N:P ratios of ferric and alum EPC tests were well in excess of the 7–11:1 target ratio, while the ratio 
for the calcium hydroxide was closer to the target. The ferric chloride and aluminum sulfate effluent 
ammonium and N:P ratios suggest that nitrogen will have to be removed to achieve the ideal fertigation 
nutrient ratio. 
 
A comparison of the COD and DOC of EPC effluents provided a basis to evaluate whether the 
addition of coagulants produced an oxidized water as defined by California Title 22 (22CCR Division 4, 
Section 60301.650), which requires that organic matter be stabilized, the water be non-putrescible, and 
able to sustain DO (i.e., no biological degradation of residual organic matter to deplete DO). One set of 
































































hydroxide tests were performed to provide a direct comparison of effluent organic characteristics, and the 
results are summarized in Table B4 in Appendix B. As expected, the COD concentrations in the samples 
from EPC tests were lower than the control (CPC); however, the EPC treatments did not reduce the DOC 
concentration of the wastewater—the DOC of the control and ferric chloride EPC effluent were 
unchanged while DOC concentration was increased with aluminum sulfate and calcium hydroxide 
treatments. The lack of DOC reduction indicates that EPC does not remove or oxidize the dissolved 
organic matter in the wastewater, and thus will not produce an oxidized effluent as described in California 
Title 22. Subsequent biological treatment will be required for reuse. 
The small batch effluents were also evaluated for potential impacts to irrigated turfgrass. Inorganic 
constituent concentrations found in the batch test influent and effluent are summarized in Table B5 in 
Appendix B. All inorganic constituents were below the recommended concentrations outlined in the US 
EPA Guidelines for water reuse.
8
 The sodium adsorption ratios (SAR) of all effluents were below 3, 
signifying that long-term irrigation with the EPC effluent will not cause structural soil damage.
5
 While all 
EPC effluents had chloride concentrations that might produce “moderate” impact to crops,21 the addition 
of ferric chloride increased the chloride concentration in the effluent more so than the addition of 
aluminum sulfate or calcium hydroxide; however, the concentration was still below the maximum 
recommended concentration for surface irrigation and the SAR was slightly above 3, indicating that the 
water would still be suitable for irrigation. 
The potassium concentration in the effluent resulted in N:K ratios ranging from 2:1 to 4:1 mg N to mg 
K2O, while the optimal range reported by Hagin et al. is 1:1 to 3:1.
5
 The trace nutrient ratios for iron, 
manganese, zinc, copper, and molybdenum, normalized to molybdenum, are summarized in Table B6 in 
Appendix B along with examples of trace nutrient concentrates used for fertigation.
5
 The effluent from 
aluminum sulfate and ferric chloride treatments have trace nutrient ratios similar to those suggested by 
Hagin et al., with iron being present in suitable concentrations, but zinc and copper present in excess and 
manganese being deficient. Calcium hydroxide EPC effluent is markedly different, with zinc proportional 
to molybdenum, but iron, manganese, and copper present in much lower concentrations than would be 
used in commercially prepared fertigation streams. 
Observations of the small batch effluent characteristics and ancillary information from the literature 
were also used in the decision making process for coagulant selection. The pH of effluent from the 
calcium hydroxide treatment was above 9.9 and would require adjustment before biological treatment 
could be established, and the added treatment steps and energy requirements associated with lowering 
the pH were a reason to exclude calcium hydroxide from further exploration. The stability of the settled 
floc was also evaluated. While floc from all treatments settled well, the aluminum sulfate floc was easily 
suspended during the decant step. Ferric chloride is used to complex sulfide molecules and reducing 
odors and corrosion;
24
 this may be helpful in a distributed setting, where the treatment facility is in close 
proximity to residences, recreational areas, or businesses, and odors will be a major concern. 
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Based on the test results, anecdotal observations, and ancillary operations data during the small 
batch test, ferric chloride with anionic polymer was chosen for further studies. Ferric chloride 
demonstrated enhanced TSS, COD, and phosphorus removal, and the floc had good settling 
characteristics. While the nutrient profile of the ferric chloride effluent was good, the batch test dose of 60 
mg L
–1




) resulted in low alkalinity and phosphorus concentrations, which would 
potentially limit the biological metabolism in secondary treatment (Table B7 in Appendix B). A jar test 
varying the ferric chloride dose and measuring the phosphorus and alkalinity concentration in the 
supernatant was conducted. The results are shown in Fig. B3 in Appendix B, with the associated equation 
for the fitted line. Using a target effluent nitrogen concentration range of 10–20 mg L–1, and an ideal N:P 
ratio between 7:1 and 11:1, the effluent concentration range for phosphorus is 0.9-2.7 mg P2O5 L
–1
 (1.20–
3.61 mg PO4 L
–1





). A dose of 45 mg FeCl3 L
–1




) was chosen as the initial dose for subsequent 
continuous EPC-SBR tests. In addition to providing higher concentrations of alkalinity and phosphorus in 
the effluent, the lower dose will result in lower chloride concentration in the effluent compared to the small 
batch testing effluent. 
 
3.4.3 Production of fertigation water 
Small batch testing provided the foundation for continuous EPC treatment followed by biological 
treatment in an SBR. The EPC system began operating when the continuous CPC-SBR tests were 
underway, with effluent overflowing to the sewer. Despite the challenges associated with using small 
diameter tubing and small treatment vessels for raw wastewater, the EPC primary system operated 
reliably for a total of 158 days, and the EPC-SBR system for 114 days. The average effluent 
concentrations from continuous EPC-SBR testing are summarized in Table 3.1. The concentration of 
COD indicates that oxidized water was produced by the biological treatment of EPC effluent, and the pH 
was consistently within the target range, with only one excursion (pH 6.41 on day 48). The average TIN 
and phosphorus concentrations are each within the respective target range, but variations in the 
individual concentrations resulted in N:P ratios that were out of range on some days of treatment. 
However, because the N:P ratios tended to be higher than optimal, the result of using the fertigation water 
would be to under-apply phosphorus, which would be protective of the environment. The 90% confidence 
intervals for effluent concentrations are also summarized in Table 3.1. The 90% confidence ranges 
provide insight into what might be expected from an EPC-SBR system operating over an extended period 
of time: for each parameter, the probability is 90% that the average of the effluent concentrations from the 
total operating period would fall within the range portrayed in the confidence interval. Thus, we can 
conclude that an EPC-SBR treatment system will reliably produce nutrient-rich water with nitrogen and 
phosphorus concentrations within the specified parameters, and with a stable pH. The average COD 





), but we note that the effluent COD analysis was performed on an unfiltered sample, and the 
effluent COD concentration would likely be reduced by tertiary treatment such as filtration. 
The treatment in this research provided higher nitrogen concentrations when compared to results 
reported by Vuono et al.
11
 (13.9 mg N L
–1
 compared to 9.4 mg N L
–1
) and the average N:P ratio of 10.5:1 
in this study is more favorable for turfgrass fertigation than the ratio of 1:1 N:P that was calculated from 
data presented in Vuono et al. 
 
Table 3.1. Water quality of the fertigation product water after EPC and SBR treatment. The mean value 
and the 90% confidence interval are provided for each constituent, with the target values from Table B1 in 
Appendix B reiterated here for reference. The N:K ratio is based on average TIN concentration for 21 
samples and potassium concentration from two samples, expressed as K2O in accordance with typical 
agricultural notation. While the average values were within the target range, the variability of the 
fertigation water characteristics are reflected in the 90% confidence range. 
Parameter Average Value 90% confidence range Target 
  Low High  
COD (n=22) 36.8 mg L
–1
 28.5 42.2 40 mg L
–1
 
Total inorganic nitrogen (n=22) 13.9 mg N L
–1
 12.1 15.7 11–25 mg N L–1) 
Phosphorus (n=21) 1.9 mg P2O5 L
–1
 1.4 2.4 1.0–3.6 mg P2O5 L–1 
N:P ratio (n=21) 10.5:1 7.0:1 14.0:1 7:1–11:1 
pH (n=20) 7.1 6.9 7.3 6.5–8.4 
Potassium (n=2) 16.1 mg K2O L
–1
    
N:K2O 0.65:1 0.43:1 0.87:1 1:1–3:1  
 
Samples of the influent, EPC effluent, and final effluent (after biological treatment) during continuous 
testing were collected on day 1 and after 35 days of continuous treatment, and analyzed for inorganic 
constituents. The complete list of inorganic constituents and their concentrations is summarized in Table 
B8 in Appendix B. The effluent concentrations were compared to recommended concentration limits in 
the literature 
5,8,21,22
 and the results are similar to those of the small batch tests—concentrations in the 
EPC-SBR effluent of 18 inorganic constituents are much lower than the maximum recommended limits; 
five elements (arsenic, boron, fluoride, manganese, and molybdenum) have concentrations that are 21–
61% of the recommended maximum concentrations, and the 13 remaining inorganic constituents are an 
order of magnitude below recommended maximum concentrations. Although increases in the 
concentration of eight elements were found in the day 35 sample, five of the elements had similar 
increases in the influent, implying that these constituents pass through untreated. The increase in the 
remaining three (boron, calcium, and cobalt) was only slightly higher than the corresponding increase in 
the influent concentration, and each compound was still lower than the recommended limits.
8
 The EPC-
SBR treatment did not provide increased removal of the 18 inorganic elements of concern, and with the 
exception of chloride, EPC-SBR treatment did not result in an increase in the concentrations (effluent 
chloride concentrations of EPC and SBR were higher than the influent, but were within the range of 
“moderate” impact for irrigation21). 
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Some inorganic constituents are trace nutrients required by plants, but others may be detrimental if 
present at high concentrations. The trace minerals of interest are summarized in Table B9 in Appendix B. 
The trace nutrient profiles on day 1 and day 35 of continuous treatment were compared to typical 
fertigation concentrate nutrient profiles provided by Hagin et al.
5
 Zinc and manganese were present in 
excess, and iron is lower than ideal ratios, with copper present in close to ideal proportions relative to 
molybdenum. The profiles are different than in the FeCl3 small batch tests. For example, in the small 
batch test, the iron to molybdenum ratio was 45:1, while it ranged from 12 to 19:1 in the long-term 
duration testing; this may be the result of more complete reaction of the FeCl3 in the continuous operation 
system that removes iron as precipitate. The ratio of copper to molybdenum was higher in the batch 
testing compared to continuous testing, while the manganese to molybdenum ratio was much higher in 
the continuous testing compared to the batch testing. 
The potential detrimental impacts of the dissolved inorganic constituents in the effluents were also 
evaluated, focusing on the sodium and chloride concentrations, the salinity, and the concentration of 
specific ions listed by the USEPA.
8
 As shown in Table 3.2, the chloride concentration of the EPC effluent 
is in the range of moderate impact water (100 mg L
–1
 for sprinkler irrigation and 140–350 mg L–1 for 
surface irrigation
21
) and is noticeably higher than the influent and CPC treatment system, reflecting the 
addition of chloride in the coagulant. However, the chloride concentration is within the range of maximum 
concentration of 100-355 mg L
–1
 recommended in the PennState fertilization guide.
22
 The SAR was 
slightly above the maximum value of 3 (4.4 for the influent and 3.8 for the EPC effluent), indicating that 
our specific produced fertigation water will need slight chemical adjustment in order to avoid degradation 




Table 3.2. Evaluation of potential detrimental impacts of product fertigation water. The chloride 
concentration of the EPC effluent in the range of moderate impact water (100 mg L
–1
 for sprinkler 
irrigation and 140–350 mg L–1 for surface irrigation21) and is noticeably higher than the influent, reflecting 
the addition of chloride in the coagulant. 


















 45.5 44.4 46.7 SAR<3
5
 
(1) Sodium in excess concentration may burn foliage if sprinkler irrigation used. Values given are for turf grass, but some 
ornamental plants may require concentrations < 70 mg L–1. 
(2) Used to calculate the SAR for protection of soil structure 
 
The average salinity of the EPC effluent samples was 709 mg L
–1
, which is within the moderate 
impact range of 450–2,000 mg L–1 total dissolved solids (TDS).21 However, the influent and CPC effluent 
also had salinity concentrations in the moderate impact range (877 mg L
–1
 and 680 mg L
–1
 TDS, 
respectively). A statistical analysis of the average salinity for the EPC and CPC effluents during 
continuous testing determined no statistically significant difference between the average values of the two 





stdv = 112; CPC = 680 mg L
–1
, stdv = 124) show no statistical difference (t(18.1) = -0.071, p = 0.9444). 
Additionally, the independent-samples t-test of the influent salinity (Influent = 877 mg L
–1
, stdv = 97) and 
the EPC effluent salinity show a statistically significant difference in the average concentrations (t(32.7) = 
-5.1866, p = 1.1*10
–5
), and the negative t-test value indicates that EPC effluent salinity was less than the 
average influent salinity. The salinity of the EPC effluent was less than the influent, and statistically similar 
to the effluent of the CPC treatment. 
The trends discussed above demonstrate that adding ferric chloride as a coagulant is sustainable for 
fertigation water production. With the exception of chloride, the concentrations of inorganic constituents 
were not noticeably changed by the EPC-SBR treatment. The lack of impact to inorganic element 
concentrations means that the concentrations of inorganic constituents in the source water must be 
considered when assessing the potential of reclaimed water for fertigation. 
The iron concentration in the EPC treatment system at the beginning and after 35 days of treatment 
was evaluated to assess the fate of the iron introduced into the system. Although iron concentration in the 
primary effluent increased between day 1 and 35, it decreased in the SBR effluent over the same period, 
indicating that iron was removed in the bioreactor and likely accumulated in the mixed liquor. As such, the 
sludge age of the EPC system (i.e., the solids retention time (SRT)) will need to be monitored to maintain 
sufficient biomass while limiting the accumulation of iron in the biomass. 
The blower energy required to operate the EPC was compared to CPC energy requirements based 
on 34 treatment cycles for CPC and 92 cycles for EPC. The calculated energy requirement for the CPC 
blower was 0.08±0.009 kWh m
–3
, and 0.07±0.013 kWh m
–3
 for the EPC blower, as shown in Fig. 3.4. The 
overlapping error bars demonstrate the lack of significant difference between the blower energy 
requirements for the EPC-SBR system, in contrast to the measured energy increase of 6.1–7.0% 
reported by Benecke when the nitrate concentration in the treated effluent was increased to 8.1 mg N L
–1
 





Fig. 3.4. Comparison of calculated blower energy use for the continuous CPC and EPC testing. The 


































3.4.4 EPC-SBR operation assessment 
The EPC-SBR testing began in the summer, shortly before the students returned to campus and 
continued until the fall term was ending. The influent wastewater characteristics began to change when 
students returned to the dorms (around day 20), and remained fairly consistent throughout the remainder 
of the testing. The influent characteristics for the summer and fall terms are summarized in Table 3.3. 
 
Table 3.3. Influent characteristics for the wastewater during the summer and fall terms. The concentration 
of key nutrients increased noticeably when the fall term began: COD, ammonium, and TSS 
concentrations increased by 55%, 53%, and 52%, respectively, while sCOD and phosphorus 






















Ave Summer 7/22 - 8/11  
Ave  363 154 28.3 9.8 192 
Stdv  91 30 2.6 2.2 36 
CV 0.25 0.20 0.09 0.23 0.19 
Ave Fall 8/12 - 11/13 
Ave  565 222 43.3 13.6 292 
Stdv  163 60 6.6 2.1 80 
CV 0.29 0.27 0.15 0.15 0.28 
 
The trends in EPC effluent characteristics are shown in Fig. 3.5. The concentrations of COD and 
ammonium appear to vary more than the alkalinity, phosphorus, and TSS concentrations. Ammonium and 
COD concentrations are heavily influenced by the influent wastewater characteristics—ammonium is not 
removed by EPC treatment, and thus the EPC effluent concentration of ammonium is expected to be 
variable. Similarly, the EPC effluent COD concentration trends resemble the sCOD trends of the 
wastewater influent (Fig. 3.5b); while EPC treatment consistently removed particulate COD, sCOD is not 
removed, and the variability in the EPC effluent COD is caused by the variability of the influent sCOD. 
Because the COD is in soluble form, it is readily biodegraded, whereas particulate and colloidal COD 
require hydrolysis before they can be utilized by microorganisms.
26
 As such, the COD will likely be 
consumed in the first anoxic phase of an SBR by denitrifying organisms, and then quickly in the first 
aerobic phase by heterotrophic organisms, leaving little organic carbon for denitrification after ammonium 




The primary effluent concentrations of phosphate and alkalinity are directly related to the FeCl3 dose, 
and the TSS related to the clarifier operation. The initial dose of 45 mg L
–1
 as FeCl3 produced effluent low 
in alkalinity and phosphorus, and on day 27 the FeCl3 dose was reduced to 40 mg L
–1
. The impact on the 
alkalinity and phosphorus effluent concentrations are reflected in the slight increase in both 
concentrations. 
The TSS concentration in the primary clarifier effluent was consistently near 100 mg L
–1
, which is 
much higher than that in the effluent produced at the Point Loma plant (27–43 mg L–1),23 and is due in 
part to the size and operation of the clarifier. The variability in the influent suspended solids coupled with 
 
 51 
difficulty in automating the sludge wasting from the clarifier resulted in inconsistent sludge blanket depth, 
and this reduced the TSS removal efficiency. On one occasion (day 92), the timer controlling the sludge 
wasting failed, and the sludge blanket extended to the effluent weir. The TSS and COD concentrations of 
247 and 425 mg L
–1




Fig. 3.5. EPC effluent characteristics: (a) nutrients, alkalinity, and TSS concentrations as a function of 
time and (b) a comparison between the influent sCOD and effluent total COD of the EPC. The variability 
of effluent COD and ammonium concentrations is directly related to changes in soluble COD and 
ammonium concentrations of the influent—both are not substantially reduced in the EPC treatment. The 
total COD of the EPC effluent mirrors the sCOD of the influent, demonstrating that EPC treatment 
removes most of the suspended COD from the influent. 
 
The trends in the EPC-SBR effluent concentrations and SBR biomass concentration are shown in 
Fig. 3.6, with the target range for nutrients and pH provided on each graph. The trends show that the TIN, 
P, and COD (Fig. 3.6 a, b, and d, respectively), of the effluent were typically within the target range, but 
the ratio of nitrogen (TIN) to phosphorus (P) (Fig. 3.6c) was above the target range in the initial testing. Of 
special interest is the effluent pH, which remained within the target range of 6.5 to 8.5 throughout the test, 
even when effluent alkalinity was low (Fig. 3.6e). This is discussed further with data presented in Fig. 3.7. 
The variability in N:P ratio is the result of low phosphorus concentrations, rather than excessive TIN 
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effluent with high N:P for fertigation would provide lower than optimal P concentrations, which would be 





Fig. 3.6. Trends in effluent concentration of (a) total inorganic nitrogen (TIN), (b) reactive phosphorus as 
P2O5, (c) N:P ratio as mg N L
–1
 to mg P2O5 L
–1
, (d) COD, (e) pH and alkalinity, and (f) the concentration of 
volatile solids in the SBR. The target range is shown as the shaded area for each graph, the target N:P 
range of 7–11:1 corresponds to crop uptake, while 1–4:1 reflects the typical ratio in fertilizers.5 Although 
the average concentrations of TIN, P, and COD were within the target range, the data were variable. The 
samples with high N:P ratios are due to low P concentrations rather than high TIN concentration. Prior to 
day 40 the low P concentration from the primary clarifier contributed to high N:P ratio, but later instances 
of low P in the SBR effluent are more likely due to biological phosphorus removal in the SBR. As shown 
in (e), the SBR pH remained within the target range of 6.5 to 8.4 (with the exception of one sample) even 
though the SBR alkalinity was often below 20 mg L
–1
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Reducing the ferric chloride dose from 45 mg L
–1
 to 40 mg L
–1
 (as FeCl3) on day 28 increased 
phosphorus concentration in the EPC primary effluent and had a positive effect on the N:P ratio. Later 
instances of high N:P ratios (e.g., days 51 and 56) may have been caused by biological phosphorus 
removal in the SBR. Vuono et al. demonstrated that lengthening the non-aerated period at the beginning 
of a treatment cycle provided an anaerobic phase increased the biological phosphorus removal in the 
SBR. In our research, it is possible that biomass in the SBR (Fig. 3.6f) and COD in the primary effluent 
were sufficient to produce a similar anaerobic condition in the SBR, resulting in biological phosphorus 
removal. 
The residual alkalinity after treatment in the SBR was generally below 60 mg L
–1
 but did not fall below 
15 mg L
–1
. The recommended residual alkalinity for nitrification is 70–80 mg L–1 as CaCO3, and the 
presence of ammonium in the SBR effluent indicates substrate limitations for, or inhibition of, nitrifying 
organisms. Treatment under hypoaerobic conditions in the control tests (CPC-SBR) provided good 
conversion of ammonium to nitrate,
15
 and it is unlikely that the DO concentration was a limiting factor. 
Additionally, the inorganic profile at day 35 was compared to a list of substances known to inhibit nitrifying 
organisms,
25
 and none were found at inhibitory concentrations in the day 35 effluent. Thus, the inorganic 
carbon source was likely the limiting substrate; the impact of carbon limitation on the residual alkalinity is 
discussed below. 
This conclusion is supported by an event that occurred around days 32–36, when the coagulant feed 
hose became blocked with mineral precipitates. During this time, coagulant was not dosed, and the 
alkalinity concentration in the primary effluent increased. As seen in Fig. 3.6a, the TIN concentration fell 
to 6.2 mg N L
–1
, due to the reduced ammonium concentration in the SBR effluent (0.58 mg N L
–1
). When 
the coagulant dosing hose was replaced, the ferric chloride dosing resumed, and the TIN concentration 
began to increase until it reached 15 mg N L
–1
. The rapid response of the TIN concentration to the 
cessation and restoration of ferric dosing suggests that intermittent production of fertigation water and 
surface/ground water reuse may be possible. 
The data generated in this experiment demonstrate the potential to tailor the operating conditions in 
the primary treatment (e.g., adjusting the coagulant dose), while earlier research demonstrated tailoring 
biological treatment (e.g., limiting the development of fully anaerobic conditions in the initial anoxic phase 
of the SBR) to adjust the effluent phosphorus concentration,
11
 and consequently the N:P ratio in the 
fertigation water. Potential methods for tailoring operating conditions for nitrogen (TIN) concentration can 
be developed using trends in biomass growth, alkalinity consumption, and nitrogen species in the effluent, 






Fig. 3.7. Operating characteristics of the SBR showing (a) biomass (MLVSS) and effluent TSS, (b) 
alkalinity in the primary effluent and change in alkalinity in the SBR, and (c) nitrogen species in the SBR 
effluent, as a function of time for the 114 days of testing. The biomass growth is shown in Fig. 3.7a with 
best fit lines during three phases of unchanged operating parameters. 
 
y = 0.06x + 0.34 
y = 0.05x - 0.68 
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The concentration of biomass in the reactor (MLVSS) and the SBR effluent TSS are shown in Fig. 
3.7a, which shows that the configuration of the SBR limited the maximum biomass concentration. The 
effluent TSS was typically less than 30 mg L
–1
, but increased dramatically when the solids concentration 
in the SBR increased above 2,500 mg L
–1
 volatile solids (MLVSS), corresponding to 3,300 mg L
–1
 total 
suspended solids (MLSS) in the reactor. After the first occurrence of biomass washing out in the effluent 





 MLSS) before high TSS concentration in the effluent was observed. 
During the time periods when steady biomass increase was observed, the apparent growth rate of the 
biomass was 50–60 mg L–1 d–1 MLVSS, demonstrating consistent biological growth throughout the 
experiment. The observed biomass yield during these times varied between 0.2 and 0.33 g VSS per g 
COD removed, which is somewhat lower than typical yield reported in the literature of 0.4–0.6 g VSS / g 
COD.
21
 The lower yield signifies the possibility of carbon limitation, with proportionally more carbon used 
for cell maintenance instead of biomass production. 
As shown in Fig. 3.7, when the biomass was reduced via solids carryover into the effluent (Fig. 3.7a 
days 44–48), the TIN concentration increased from 5 to 20 mg N L–1 (Fig. 3.7c). Just prior to the 
termination of the study, the biomass concentration was reduced from 3,500 mg L
–1
 VSS to 2,000 mg L
–1
 
VSS (4,300 to 2,900 mg L
–1
 MLSS) through a single wasting event to ascertain if the effluent TIN 
concentration could be increased by using lower biomass concentration in the SBR. The biomass 
concentration remained at 2,000 mg L
–1
 VSS for 12 days (similar to the lag period observed at the 





and during this time the effluent TIN concentration was between 15 and 20 mg N L
–1
, which corresponds 
to the effluent TIN concentration between days 44 and 48. 
Based on the increase in MLVSS concentration and the mass of VSS escaping the SBR with the 
effluent, the average solids retention time (SRT) in the SBR was calculated to be 33 days, which is 
suitable for a SBR providing nitrogen removal. During the course of the experiment, the portion of organic 
(volatile) solids in the SBR decreased due to the accumulation of inorganic compounds in the mixed 
liquor. The ratio of volatile solids (MLVSS) to MLSS was 0.85 at the beginning of treatment, decreased to 
0.70 by day 82. 
The concentration of alkalinity in the primary effluent and the change in alkalinity in the SBR are 
shown in Fig. 3.7b. The data show that the alkalinity change parallels the change in MLVSS during linear 
growth, and that a residual alkalinity of 15–24 mg L–1 as CaCO3 remained even if ammonium remained in 
the SBR (day 51). The residual alkalinity was sufficient to maintain the SBR pH in the optimum range for 
biological treatment, and the results indicate that the treatment may be tailored to produce higher TIN 
concentration in the effluent by reducing the alkalinity provided for nitrification (i.e., increasing the ferric 
chloride dose). 
While many reactions result from the introduction of ferric chloride into natural waters, two reactions 
are of import in this research: the reactions of ferric chloride with alkalinity (Eq. 1) and with phosphorus 
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(Eq. 2). The addition of ferric chloride reduces the alkalinity of the water as shown by the formation of 
carbon dioxide gas and ferric hydroxide (Fe(OH)3) precipitate. However, Hem & Cropper note that ferric 
hydroxide is a weak base, and although it has low solubility, it is often present at supersaturated 
concentrations and also in colloidal form in natural waters.
14
 
 � + ��   � + � + � −    (1) 
 + + � −  +  �+     (2) 
 




 respectively, and 
reflect alkalinity consumption during nitrification and release by denitrification. In practice, the availability 
of inorganic carbon for nitrification is measured by analyzing a sample for alkalinity, with the assumption 
that carbonates are the primary form of alkalinity. While this is known to be appropriate for most 
residential wastewater,
21,27
 alkalinity is a bulk parameter defined as the sum of titratable bases in the 
sample,
28
 and the ferric hydroxide formed by the addition of ferric chloride (Eq. 1) does not provide 
inorganic carbon for nitrification, but provides residual alkalinity that helps maintain stable pH in the SBR. 
 � +  +  �� −   − + � +  �     (3) 




 presented data that demonstrated that the form of alkalinity is a factor in 
nitrification. In that research, biofilm containing nitrifying microorganisms was submerged in a nutrient 
broth containing phosphate and hydroxide compounds to provide alkalinity. When carbonate-based 
alkalinity was included in the nutrient broth, nitrite and nitrate concentrations increased, but in the 
absence of carbonate alkalinity, the rate of nitrite + nitrate generation was reduced by 40%.
29
 In our EPC 
treatment units, carbon dioxide generated in the ferric chloride–wastewater reaction would most likely be 
stripped from the water by the aeration in the rapid mix chamber, resulting in a reduction in carbonate 
alkalinity, and reduction in nitrification. In conventional SBR treatment, such as the hybrid SBR-
membrane bioreactor described by Benecke,
12
 limiting denitrification (which releases alkalinity back into 
the bioreactor) caused the pH of the SBR to fall to 4.5 because of depleted alkalinity. Thus, the increased 
effluent TIN concentration and stability of the pH in our experimental SBR can be explained by the loss of 
carbon dioxide, which reduced nitrification, and the addition of hydroxide-based alkalinity that provided 
buffering against pH changes. 
Using Eq. 1 and assuming no competing reactions, an estimate of 0.93 mg of alkalinity (as CaCO3) 
will be removed for each mg of ferric chloride (as FeCl3) added to the water. Similarly, if there are no 
competing reactions and Eq. 2 is used to estimate the removal of phosphate, approximately 0.2 mg of 
phosphorus (as PO4) will be removed for each mg of ferric chloride (as FeCl3) added. As noted 
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previously, dose/response tests using a jar testing apparatus found the experimental ratio of alkalinity and 
phosphorus removal per mg of FeCl3 to be 0.85 mg and 0.13 mg, respectively. During the continuous 
testing, the alkalinity removal averaged 1.0 mg as CaCO3 per mg FeCl3 added, and the average 
phosphorus removal was closer to the dose/response testing, 0.14 mg as PO4 per mg FeCl3 added. Thus, 
stoichiometric relationships supported by jar testing to establish alkalinity and phosphorus removal are 
reliable for predicting alkalinity removal in continuous EPC operation. 
The alkalinity required to achieve nitrification and denitrification can be estimated using the 
stoichiometry in Eqs. 3 and 4, respectively. The alkalinity needed for nitrification is 7.1 mg (as CaCO3) per 
1 mg of ammonium (as N), and 3.6 mg of alkalinity (as CaCO3) are released for every 1 mg of nitrate (as 
N) converted to nitrogen gas. The alkalinity required to achieve the observed TIN concentration can be 
estimated using Eq. 5: 
 �     � � =  ∆ � � ∗ .  � �� � − − ∆ � ∗ . � �� −   (5) 
 
where ΔNH4 = influent NH4+ – effluent NH4+ (mg N L–1), and ΔNO3– = ΔNH4+ – effluent NO3– (mg N L–1). 
A refined estimate of the alkalinity needed to maintain a target effluent TIN concentration can be 
developed using a generic cell composition (C5H7O2N)
21,26
 to estimate nitrogen uptake into cell mass, 
together with the stoichiometric relationships of alkalinity for nitrification and denitrification. Based on the 
cell composition, the nitrogen incorporated into new cellular biomass is estimated to be 117 mg of 
nitrogen per gram of cell mass produced (i.e., MLVSS increase + VSS in effluent). The nitrogen uptake 
for the experimental conditions is estimated using Eq. 6, and the total alkalinity needs using Eq. 7. 
 
� � =  ∆ � ⁄ ∗ �  � + �� �⁄ ∗ �  ⁄�  ⁄ ∗  � � ��   (6) 
 �   � � =  ∆ � � − � ∗ .  � �� � − − ∆ � ∗ . � �� −   (7) 
 
These relationships were used to calculate the alkalinity consumption to produce the TIN effluent in 
this study and compare it to the actual change in alkalinity across the SBR treatment unit (Fig. 3.8). Two 
theoretical alkalinity requirements were calculated: one was based on Eq. 5 for the conversion of 
ammonium to nitrate and then nitrogen gas (“Alk N-conv (calc)”) and the second, based on Eq. 6, added 
the uptake of nitrogen into new biomass (“Alk total (calc)”). These calculated values are compared to the 





Fig. 3.8. Comparison of calculated alkalinity requirements and actual alkalinity reduction in the EPC-SBR. 
The calculations for nitrogen conversion plus nitrogen uptake in biomass were only applied to the 
samples where biomass growth was stable, as shown in Fig. 3.7a. The calculated alkalinity requirements 
based solely on nitrogen conversion to nitrogen gas more closely predicts the actual change in alkalinity 
than the nitrogen conversion plus biomass uptake calculation.  
 
The calculations based exclusively on nitrification and denitrification predict the alkalinity reduction 
reliably, while the calculations including biomass uptake of nitrogen underestimate the alkalinity reduction. 
This is most likely due to the simplification of the uptake estimate, which did not include endogenous 
decay in the biomass that will release nitrogen back into the aqueous phase and exert an alkalinity 
demand for conversion. For the purposes of establishing initial operating protocol for an EPC-SBR 
system, estimating alkalinity consumption using only nitrification and denitrification is appropriate. 
Using wastewater, represented by the formula C10H19O3N, as the carbon source for denitrification 
(Eq. 4), then 2.86 g of biodegradable COD per gram of NO3 (as N) is required for the carbon source to 
support denitrification. Organic carbon in the initial anoxic phase was thus sufficient to convert nitrate to 
nitrogen gas, but subsequent denitrification was likely inhibited by limited substrate. 
 
3.5 Conclusions 
In this research we demonstrate the ability to tailor the operation of an SBR coupled with ferric 
chloride-based EPC to produce water with targeted nitrogen and phosphorus concentrations, and to 
operate the EPC-SBR system continuously for 114 days. A key component to the system stability is the 
development of non-carbonate based alkalinity, which provides pH buffering capacity without contributing 
to the conversion of ammonium to nitrate. Fertigation water containing both ammonium and nitrate, a 
balanced N:P ratio, and trace nutrients can be produced using a conventional SBR without significant 
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CHAPTER 4  
EVALUATING AIR-BLOWN GASIFICATION FOR ENERGY RECOVERY FROM 
WASTEWATER SOLIDS: IMPACT OF BIOLOGICAL TREATMENT AND POINT OF 
GENERATION ON ENERGY RECOVERY 





2, Nicholas P.G. Lumley2, Ana L. Prieto2, Jason M. Porter2, Tzahi Y. Cath2* 
 
4.1 Abstract 
Decentralized water reclamation is emerging as a new paradigm that pairs local wastewater 
resources with local users; however, one of the challenges that must be addressed to advance its 
implementation is the low energy efficiency associated with small treatment plants and the lack of 
available small-scale energy recovery technologies. Gasification is a technology that could be used to 
convert wastewater solids to energy at small wastewater resource recovery facilities (WRRF). A model 
developed for air-blown gasification coupled with internal combustion engine for energy production 
demonstrated that gasification of wastewater solids could produce up to one third of the electrical demand 
at a small WRRF. Results based on samples collected from local wastewater treatment plants show that 
the energy embedded in wastewater solids does not vary substantially with treatment processes 
implemented or point of solids generation, and thus gasification is feasible for a wide variety of WRRF 
sizes and processes. Further modeling revealed that feedstocks generated by three different processes 
have similar power output for one metric ton per day of solids gasified (~20 kW), but the net power 
produced by a 19 ML d
–1
 WRRF varies more substantially (110–140 kW) because the mass of solids 
produced vary with each treatment scheme. 
 
4.2 Introduction 
The need for new water resources is becoming increasingly important as water purveyors across the 
United States (US) experience increasing water demand that exceeds their procured supply. This was 
reflected in a recent study of water supply vulnerability in 2,103 watersheds throughout the US, which 
identified 9% as water-stressed,
1
 and a United Nations study which estimated that 75% of the world’s 
population could face water scarcity in the future.
2
 Surface water supplies are expected to continue to 
decrease,
1
 and alternate resources are needed to meet increasing demand. An emerging strategy for 
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sustainable wastewater reuse tailors the quality of water produced (e.g., the nutrient and/or total 
dissolved solids concentrations) to the end use (e.g., irrigation, industrial) using decentralized, or DNWR 
plants.
2, 3
 DNWR programs may offer substantial advantages over centralized plants because the 
proximity to end-users reduces the requirements for construction and operation of conveyance 




However, smaller DNWR plants pose new challenges in achieving environmentally and economically 
sustainable (i.e., energetically favorable) water reclamation. While large treatment plants can realize 
substantial energy savings, for example by optimizing aeration, small facilities do not realize the economy 
of scale found in large plants and typically use more electricity per gallon of water treated.
2, 4
 The energy 
balance is further exacerbated in small DNWR plants by the lack of available small-scale technologies for 
energy recovery. Current practices at large centralized wastewater treatment plants (WWTP) (i.e., those 
with flows greater than 38 ML d
–1
, or 10 Mgal d
–1
 may employ solid treatment processes such as 
anaerobic digestion to recover energy.
5, 6
 These technologies are not currently feasible for small WWTPs 
or WRRFs. Higher power consumption and lower energy recovery opportunities associated with 
decentralized plants reduce the economic viability, and increase their carbon footprint.
2
 These barriers 
must be addressed for decentralized water reclamation to be sustainable. 
The management of solids produced in DNWR plants presents the greatest challenge and 
opportunity for reducing the energy footprint of water reclamation. A DNWR plant constructed within a 
sewershed to meet needs of local customers may discharge solids to the existing sewerage for 
conveyance to the centralized facility; however, discharge of sludge to existing sewer systems is likely to 
result in accelerated degradation of infrastructure and development of severe odors, making it infeasible 
in most situations. While energy recovery using anaerobic digestion is generally considered feasible for 
large centralized WWTPs, fewer than 20% of the WWTPs that utilize anaerobic digestion for solids 
stabilization generate electrical energy for plant use.
7
 Biogas cleaning is required to remove hydrogen 
sulfide and siloxanes, and although technologies are commercially available, the cost of natural gas and 
electrical energy must be high enough to make energy recovery economical.
8
 If anaerobic digestion 
processes could be tailored to small flow WRRFs, it may be possible to reduce the energy requirement for 
solids processing, but unlikely that electrical energy would be generated. 
Solids stabilization technologies for facilities with flow less than 19 ML d
–1
 (5 mgd) are limited to 
aerobic digestion and thermal stabilization,
8, 9
 and both are energy intensive, requiring more than ten 
times the energy used to operate an anaerobic digester. Although energy savings can be realized by 
optimizing aerobic digestion and thermal stabilization, these technologies are not viable options for 
recovering energy. New technologies are needed to reduce the carbon footprint of DNWR plants. 
Thermochemical conversion (TCC) processes such as gasification may be suitable for treatment of 
wastewater solids, reducing the energy requirements to treat solids, and potentially enabling energy 
recovery.
10, 11
 Gasification converts wastewater solids into heat and a combustible fuel product (syngas) 
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that can be used to both dry solids and generate electricity. Gasification is similar to anaerobic digestion 
in that the fuel generated can be combusted to produce electricity or burned to produce thermal energy, 
but there are substantial differences between the two technologies. Gasification provides almost complete 
conversion of volatile matter,
12
 while anaerobic digestion converts 20-60% of volatile matter to biogas.
5, 13
 
However, syngas has a lower heating value (LHV) of 4–7 MJ m–3 (using air-blown gasification) whereas 
anaerobic digester biogas is reported to have LHV of 19–22 MJ m–3.3,9 The characteristics of syngas (i.e., 
corrosive gasses and siloxanes) have not been reported widely in the literature, and the extent of 
cleaning required for electricity generation has not yet been established.
14
 
The gasification process has been described extensively in the literature,
15-17
 and the technology has 
been commercially developed for biomass feedstocks such as wood and agricultural wastes.
18
 
Gasification may be suitable for wastewater solids for several reasons. In gasification, volatile matter is 
converted to syngas (a gaseous mixture composed mainly of hydrogen, carbon monoxide, and methane) 
and solid/liquid residuals (e.g., inorganic ash and tars), with the residuals typically constituting less than 
25% of the original mass of solids. Gasification can be autothermal (self-sustaining) at process 
temperatures less than 900 °C and operating pressures close to atmospheric pressure,
19, 20
 reducing the 
complexity of reactor operation. The syngas produced in a gasification system can be used to generate 





 noted that small-scale gasification with heat and power generation could make an important 
contribution to the economy of rural communities where sewage sludge is adequately produced. Such a 
contribution could also be realized in urban settings at decentralized WRRFs. 
While gasification has been applied to biomass such as agricultural and forestry waste, it has not 
been widely applied to wastewater solids,
13
 which are fundamentally different from agricultural and 
forestry waste biomass. The overriding difference is that solids generated in a WRRF typically have 
moisture content exceeding 95%, and a substantial amount of energy produced by gasification will be 
needed to reduce the moisture content,
12, 19
 whereas agricultural and forestry waste have moisture 
contents of only 10–30%.21 Another challenge of gasifying wastewater solids is their inorganic 




Several review papers describe the characteristics of sludge or solids collected from residential, 
industrial, and agricultural processes and discuss the applicability of TCCs;
12, 19
 however, the source of 
solids and the wastewater treatment processes by which they were generated are often undefined.
22-24
 
High heating value of solids have been reported to decrease from 25 MJ kg
–1
 for primary clarifier solids 
(PCS) to 21 MJ kg
–1
 for secondary clarifier solids (SCS), and to 12 MJ kg
–1
 for anaerobically digested 
solids (ANS).
5, 9
 These sources reference a publication by the United States Environmental Protection 
Agency (US EPA) from 1979
25
, and the authors note that the data provided in the text was collected 
before biological nutrient removal was widely incorporated into treatment processes.
25
 The existing 
practice of using anaerobic digestion of solids for energy recovery from wastewater solids shows that 
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increasing the portion of PCS introduced into the digesters increases the mass of biogas produced due to 
the elevated mass of volatile solids. This same approach might be applicable for increasing the power 
produced through gasification; however, such data have not been found in the published literature, and 
there is a lack of data providing a complete and objective evaluation of operating constraints, syngas 
value, and residuals characteristics for gasification of wastewater solids.
12-14, 26
 
In our previous study a thermodynamic model was developed to evaluate the feasibility of using air-
blown gasification to recover energy from wastewater solids.
20
 The model results showed that air-blown 
gasification of solids with ‘typical’ thermochemical properties is both technically and economically feasible 
for wastewater solids from facilities with flows greater than 8 ML d
–1
 (2.1 mgd), producing power sufficient 
to offset one-third of the requirements of a WWTP.
20
 The main objectives of the current study were to 
evaluate the thermochemical characteristics of solids generated by different wastewater treatment 
processes and their suitability as gasification feedstock, and to investigate whether energy recovery using 
gasification could be increased by changing the proportion of primary and secondary solids in the 
feedstock. We hypothesized that solids generated in treatment processes with long solids retention times 
would have reduced volatile organic content, which would be detrimental to the energy recovery potential. 
This would be the most evident in solids from a membrane bioreactor, which is an established technology 
for WRRFs.
3
 To counter the lower energy recovery potential of these treatment processes, a treatment 
system employing EPC, which increases the proportion of PCS in the feedstock was modeled. It was 
hypothesized that gasification of solids from the EPC treatment system would produce more power than 
solids from conventional and membrane bioreactor treatment, mirroring optimization strategies for 
anaerobic digestion. 
 
4.3 Materials and Methods 
4.3.1 Wastewater solids included in the study 
Solid samples were collected from seven WWTPs, representing a range of plant design flows and 
biological processes. Samples included biosolids, which are wastewater solids that have been stabilized 
to reduce pathogens and vector attraction, meeting regulatory requirements of the US Code of Federal 
Regulations,
27
 and wastewater solids that have not been stabilized. Samples included solids from 
preliminary treatment operations such as grit chamber (GCS, site 07); fats, oils, and grease (FOG, site 
03); primary clarifier solids (PCS, sites 01, 05, and 06); and influent screening (PCS, site 04). Secondary 
clarifier solids (SCS) were collected from the waste activated sludge lines of a membrane bioreactor and 
a conventional activated sludge reactor (WAS, sites 01and 04, respectively) and from the aerobic reactor 
tank of a Bardenpho treatment system (SCS, site 02). Biosolids samples (stabilized solids (STS)) from 
aerobic (AES, sites 02, 03, and 06) and anaerobic (ANS, sites 04, 05, 06, and 07) digestion processes 
were also collected. The facilities’ designed flows vary from 0.026 to 832 ML d–1 (0.007-220 mgd), and 
each facility has a different treatment train. Two facilities (sites 01 and 05) currently reclaim wastewater 




4.3.2 Solid samples preparation and analysis 
Samples collected were analyzed for total, suspended, volatile, and fixed solids using Standard 
Methods 2540,
28
 which delineates volatile and fixed solids using an ignition temperature of 550 °C. 
Samples were analyzed in triplicate and the average results reported. From the total set of samples 
collected, a subset of 17 samples was chosen for further analysis to characterize their composition and 
energy content. In preparation for analyses, these samples were dried following procedures outlined in 
ASTM E1757, using Method B for freeze-drying. Samples that were not dewatered at the WWTP were 
dewatered in the laboratory prior to freeze-drying using a centrifuge operating at 3,500 rpm for 15 
minutes. 
Concentrated solids were prepared for freeze-drying by placing samples in a –86 °C freezer (Sanyo 
Scientific Ultra-Low Temperature VIP Series model DF-U53VC) for a minimum of 24 hours. 
Subsequently, freeze-drying was accomplished using a FreeZone6 lyophilizer (Model 7753020, 
LabConco Corp., Kansas City, MO) operated at –40 °C and 0.13 mBar for a minimum of 48 hours. Dried 
samples were then shipped to a commercial, certified laboratory for caloric, proximate, and ultimate 
analysis. 
 
4.3.2.1 Heating value 
The caloric content of the samples was determined using method ASTM D 5865 with results reported 
as high heating value (HHV) and low heating value (LHV) on dry weight basis (dwb). When reported as 
dwb, the difference between HHV and LHV represents caloric content lost to the generation of water 
vapor in the combustion process. The HHV (also referred to as the gross heating value) represents the 
heat released if the test conditions are returned to 25 °C and energy from condensing the water vapor is 
recovered, whereas the LHV (net heating value) reports the heat released if the water produced in 
combustion remains a vapor (i.e., test conditions are returned to 150 °C after combustion and the latent 




4.3.2.2 Proximate and ultimate analysis 
Methods ASTM D 3172 through 3175 were used for volatile matter (VM), ash, moisture content, and 
fixed carbon (FC) analyses. Volatile matter was determined by ASTM D 3175, which requires ignition 
temperatures of 950 °C, while ash content was determined by modified ASTM D 3174, which uses an 
ignition temperature of 600 °C. Moisture content was determined using ASTM D 3173 with drying 
temperature ranging from 104 to 110 °C, and FC was found by subtracting the sum, expressed as 
percentages, of moisture, ash, and VM from 100, per ASTM D 3172. 
Although both Standard Methods and ASTM methods use common terms “volatile matter” and “ash”, 
the differences in the temperatures used for determination of these parameters results in values that 
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represent different bulk parameters of the samples, and the terms cannot be used interchangeably. In this 
study, the results for VM and ash were obtained using the ASTM methods. 
The ultimate analyses determine the percentage of major elements (i.e., C, H, O, N, and S) that are 
part of the gasification reactions. The protocol specified in ASTM D2176e was followed for the ultimate 
analysis, and according to the methodology the percentage of C, H, N, and S are measured directly, and 
the oxygen content, expressed as percentage, is calculated by subtracting the sum of the percentages of 
ultimate analysis elements and the ash content from 100. 
 
4.3.3 Solids mass balance for power production under different treatment scenarios 
The power generated by air-blown gasification of WRRF solids was modeled for three scenarios. 
These include (a) conventional treatment (i.e., primary sedimentation followed by activated sludge 
biological treatment with nitrogen removal), (b) enhanced primary clarification (i.e., ballasted flocculation 
followed by activated sludge biological treatment with nitrogen removal, and (c) influent coarse screening 
followed by sequencing batch membrane bioreactor (SBMBR) with nitrogen removal. A mass balance of 
solids was conducted for the scenarios to calculate the total mass of solids produced by the three 
facilities and the proportion of PCS and SCS in the gasifier feedstock using design guidance provided in 
Tchobanoglous et al,
5
 in the Manual of Practice No. 8,
6, 9
 and removal efficiencies reported by the Electric 
Power Research Institute.
29
 For scenarios (a) and (b) the influent concentrations of total suspended solids 
(TSS) (260 mg L
–1
) and 5-day biochemical oxygen demand (BOD5) (240 mg L
–1
) were calculated based 
on a per capita wastewater flow of 378 L/person/d (100 gal/person/d). Effluent TSS and BOD5 of 30 mg L
–
1
 and biological yield (Y) of 0.5 mg L
–1
 TSS per mg L
–1
 BOD5 removed were used to estimate the mass of 
solids produced by an activated sludge treatment system. The removal efficiencies for conventional 
primary treatment were assumed to be 60% TSS and 35% BOD5 and for ballasted flocculation were 90% 
TSS and 60% BOD5. 
The mass balance for solids in scenario (c) was calculated using removal data found in the literature 
for coarse screening with 12 mm slots
5
 and operating parameters recorded in the operation log for Site 
01.
3
 Primary solids calculations assumed that the volume of screened sludge produced is 50 L per 1000 
m
3
 of influent flow, 75% sludge moisture, and specific gravity of 900 kg m
–3
. Data from the operating log 
for the SBMBR for the week the sample was collected showed 6.8 kg day
–1
 (dwb) of waste activated 
sludge (WAS) wasted for an influent flow of 0.026 ML d
–1
. 
Using the proportion of PCS and SCS in the treatment scenarios, theoretical profiles of proximate and 
ultimate parameters for scenarios (a) and (b) were calculated. The average value for each parameter was 
calculated for a category of solids in the study (i.e., PCS and SCS), then the proportions of PCS and 
SCS, as defined by the mass balance calculations, were applied to the average values for each 
proximate and ultimate parameter. For the profile of scenario (c), the proximate and ultimate values for 




4.3.4 Simulation of power production under differing solids generation scenarios 
An ASPEN Plus® model as described in Lumley et al. (Appendix G)
20
 was used to simulate an air-
blown gasification system with electrical energy production using a reciprocating engine generator. The 
model schematic and brief overview are provided in Fig. C1 in Appendix C, and a brief overview is 
provided here. Solids enter the system at 80% (wt) moisture from an upstream centrifuge dewatering 
process, which is a typical dewatering technology for wastewater solids. Dewatered solids are dried to 
10% (wt) moisture in a direct-contact dryer using waste heat recycled from the syngas cooler and engine 
exhaust. The model results demonstrate that less than 5% of syngas produced in the system will be 
required to complete the solids drying to 10% moisture. Dried solids are briquetted and fed to the gasifier. 
The syngas exits the gasifier at 850 °C and cooled by air in a heat exchanger, with the excess heat 
recycled to the solids dryer. Cooled syngas is cleaned using a bag filter and a wet scrubber to remove 
particulates and condense tars. The cleaned syngas is used to fuel a reciprocating internal combustion 
engine to produce electrical energy. Exhaust heat from the engine is recycled back to the solids dryer.
20
 
The conversion of chemical energy in the syngas to electrical energy by the engine-generator is 
accomplished with an efficiency of 24%. Overall, the efficiency of the system in generating electrical 
energy from solids is approximately 17.5%. 
The theoretical profiles for each treatment scenario were introduced into the gasification model,
20
 
which estimates the power produced by each feedstock. The LHV of the syngas produced is calculated in 
the model for each feedstock, and the power produced is calculated for two conditions: the production of 
one metric ton per day (mtpd) of solids for each scenario (with varying plant flows), and for the estimated 
mass of solids that would theoretically be produced by each WRRF scenario treating 19 ML d
–1
 (solids 
mass flow varying). 
 
4.4 Results and Discussion 
At the time of sampling, each WWTP was operating under normal operating conditions (i.e., the 
plants were not recovering from biological system upsets); thus, the samples are considered to be 
representative of the solids typically generated at the WWTPs. Information about the WWTPs that were 
sampled is summarized in Table C1 in Appendix C, and the results from bulk solid analysis of all samples 
collected at the WWTPs are summarized in Table C2 in Appendix C. 
 
4.4.1 Evaluation of solids for energy recovery using gasification 
The heating value of syngas and system power production can be estimated from the proximate 
analysis (i.e., ash, volatile matter, moisture, and fixed carbon content) and ultimate analysis (i.e., 
feedstock elemental constituents C, H, O, N, and S) of solid samples.
16, 30
 The ash content and heating 
values (reported as HHV) of the samples analyzed and of those found in the literature are summarized in 
Table 4.1. In general, the HHVs of the samples are within the range of published data, though somewhat 
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lower than most reported HHVs.
5, 11, 19, 24, 25, 31-36
 The HHV of the investigated samples are also within the 




Table 4.1. Comparison of ash content and heating value of wastewater solids and biosolids analyzed in 
the current study and literature values for similar solids and biosolids. Study values represent the average 
of values for the solids source if more than one sample was analyzed (e.g., PCS represents the average 
of four samples). Literature values for heating value and ash content of two different sources of biomass 


















GCS Literature 63 9.3 4,000 
25, 33
 
GCS Study 21.8 17.2 7,396  
FOG Literature 12 38.8 16,700 
25, 33
  
FOG Study 11.4 24.1 10,357  
PCS Literature 16.0–35.0 15.1–27.0 6,500–11,000 5, 19, 31, 34 
PCS Study 5.7–8.7 19.4–23.4 8,345–10,067  
SCS Literature 23.0–33.0 14.8–20.9 6,345–9,000 5, 19, 34 
SCS Study 16.7–17.2 9.1–17.1 3,909–7,359  
PCS+SCS Literature 15.0–28.0 13.4–19.6 7,119–8.297 11, 19 
PCS+SCS Study 19.1–19.7 17.8 7,647  
STS Literature 8.1–65.0 7.0–20.9 3,000–8,974 5, 24, 31, 33, 35-37 
STS Study 20.3–23.7 15.1–16.8 6,499–7,216  
Wood Literature 0.3–0.45 18.6–21.1 8,000–9,120 32 
Stover Literature 9.8–13.5 17.6–18.5 7,585–7,967 32 
Notes: 
1. Solids source: GCS: grit chamber solids, FOG: fats, oils & grease, PCS: primary clarifier solids (including thickened primary 
solids (PTS)), SCS: secondary clarifier solids (including waste activated sludge (WAS)), PCS+SCS=combined primary and 
secondary solids (including solids thickened by dissolved air flotation (DAF)), STS: stabilized solids (including anaerobically 
digested (ANS) and aerobically digested (AES) solids). 
2. If the basis of reporting (HHV or LHV) for the heat value was not provided in the literature, HHV was assumed. 
 
Ash content for PCS and SCS in the current study was in the lower range for primary, secondary, and 
combined (primary and secondary) solids found in the literature, and the STS (AES and ANS) in the study 
were within the median literature range. The higher ash content reported in the literature may be due to 
different industrial loads to the WWTPs sampled, to differences in preliminary treatment units, including 
grit separation, or they may be a result of the difference in the methodologies (i.e., ASTM or Standard 
Methods) used to determine ash content. In the literature, the ash content varied substantially for a point 
of generation, reflecting the potential differences inherent in WWTP solids; however, the ash content of 
the samples in this study did not show the same variability for a given point of generation. The ash 
content for wood biomass (0.3–0.45%),21 is considerably lower than the WWTP solids sampled, and the 
ash content of corn stover (9.8–13.5%),21, 32 while higher than in wood, is still lower than the samples 
investigated here. 
The values in Table 4.1 highlight two important aspects that must be considered when evaluating 
WWTP and WRRF solids as gasification feedstock. The inorganic content of solids is higher than in 
biomass feedstocks currently used for gasification; thus, the current configurations of biomass gasifiers 
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may need to be modified to accommodate the higher ash residual mass. Also, the inorganic content of 
solids varies between facilities. The variability of ash content, both in the current study and in the 
literature, illustrates that, while the literature values can be used for preliminary assessment of 
gasification for energy recovery, site-specific knowledge of solids content and character is needed before 
reaching a final decision regarding the applicability of gasification. 
The results of the bulk solids analysis (Table C2 in Appendix C) are typical of wastewater solids, with 
moisture content of 75-80% for dewatered samples and greater than 90% for non-dewatered solids. The 
high moisture content of wastewater solids is one of the most important characteristics when evaluating 
the feasibility of gasification for energy recovery. Based on modeling results, the energy required to dry 
solids from 80% to 10% moisture content represents approximately 60% of the energy contained in the 
solids. Therefore, use of excess thermal heat from the gasification system is required if electrical energy 
is to be produced.
20
 
The results of proximate and HHV are shown on Fig. 4.1 and summarized in Table C3 of Appendix C. 
For comparison, literature values from Tchobanoglous et al.,
5
 for ash, VM, and HHV of primary, 
secondary, and anaerobically digested solids are included in Fig. 4.1 as dataset “LIT”. VM and ash 
contents of the analyzed samples varied with the point of generation in a WWTP. The data show that the 
VM content decreases as the point of generation proceeds through the treatment train (PCS 85.2±3.6%, 
SCS 71.8±1.0%, STS 68.63±4.2%), while the ash content increases (PCS 7.5±1.6%, SCS 18.2±1.5%, 
STS 22.3±1.46%). The literature shows a fairly small difference between the VM and ash of PCS and 
SCS, and larger difference in those constituents when comparing SCS and STS.
5
 The data from this 
study differs from the literature in that the differences in VM and ash between PCS and SCS were larger 
than the differences between the SCS and STS values. The lack of substantial decrease in the VM of 
STS compared to SCS may be due to the changes in the biological treatment processes in recent years. 
For example, the data in the literature is based on US Environmental Protection Agency studies from 
1979,
5
 but current treatments plants must meet stricter nutrient removal requirements, and nitrogen and 
phosphorus removal are typically accomplished using biological treatment, requiring longer solids 
retention time. The longer solids retention time may result in excess mineralization of organic matter in 
the aeration basins instead of the solids stabilization process. Additionally, the change of lifestyle and 
consumer products used by the public have undoubtedly changed the characteristics of wastewater solids 
in the last 35 years. 
Fixed carbon, which does not volatilize at temperatures below 750 °C but reacts in gasification to 
form components of syngas, varies slightly in samples analyzed in the current study but neither increases 
nor decreases as the point of solids generation proceeds through the treatment process. Literature 
reviewed did not consistently report fixed carbon values in solids, but values reported by Dominguez
35
 are 





Fig. 4.1. Proximate and HHV values of WWTP solids with literature values (LIT) provided for reference. 
VM, ash, and FC contents are reported on dry weight basis (dwb, 0% moisture) and were determined by 
contract laboratory using ASTM methods, and VM and ash of literature values are based on Standard 
Methods protocol. Preliminary treatment solids are represented by FOG and GCS; primary solids include 
PCS and thickened (PTS) solids; secondary solids include solids collected from secondary clarifier 
effluent (SCS), waste activated sludge (WAS) and WAS thickened using dissolved air floatation (DAF); 
and stabilized (STS) solids include solids stabilized using aerobic (AES) and anaerobic (ANS) digestion. 
 
Characteristics reflected in the ultimate analysis are shown in Fig. 4.2, and as with the proximate 
parameters, there is not a marked difference in the elemental composition of the samples. Carbon 
concentration slightly decreases when converting from primary solids to secondary solids, and it remains 
virtually unchanged between secondary solids and stabilized solids. Sulfur concentration remains 
consistent in all samples with negligibly higher concentrations in secondary and stabilized solids. Nitrogen 
concentration increases and oxygen concentration minimally decreases as solids turn from primary solids 
to stabilized solids. Although the range of hydrogen content (%wt) varied only from 5.5% to 7.6% across 
all solids, it should be noted that a small change in hydrogen content measured by weight represents a 
larger increase in the molar concentration of hydrogen in a solids sample. A small increase in hydrogen 
composition will impact the power produced by the solids through gasification, more than other elemental 
compounds such as oxygen or carbon, because the heating value of H2 is much higher than other 
elements. 
The secondary solids samples in this study represented processes such as conventional activated 
sludge, Bardenpho treatment, trickling filter, and SBMBR, and the results show that solids from the 
various biological processes did not vary greatly in proximate and ultimate composition. The standard 
deviation of each parameter was less than 8% of the average, with the exception of sulfur, (average 
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solids generated by a wide variety of biological treatment systems have the potential to successfully 
recover energy using gasification. 
 
 
Fig. 4.2. Comparison of the content (expressed as fraction of total on dry weight basis) of carbon (C), 
hydrogen (H), oxygen (O), nitrogen (N) and sulfur (S) in solids generated at different points in WRRFs. C, 
H, N, and S are measured directly, and the O content is calculated based on the measured elements and 
ash content of the samples. 
 
4.4.2 Simulation of power production under differing solids generation scenarios 
Based on the mass balance calculations for three feedstocks (i.e., (a) conventional, (b) EPC, and (c) 
SBMBR treatment schemes), the treatment plant flows required to produce one mtpd were 3.5, 4.0, and 
3.7 ML d
–1
, respectively. The solids generated by each scenario for constant plant flows of 19 ML d
–1
 
were 5.4, 4.8, 5.1 mtpd, for scenario a, b, and c, respectively. The percentage of primary solids in the 
feedstocks of the three scenarios were 53%, 88%, and 4% for scenarios a, b, and c, respectively. 
Results of the model simulations for the three solids feedstocks are summarized in Table 4.2 and 
shown graphically in Fig. 4.3. As with the analytical results from individual samples, the calculated 
ultimate and proximate values of the solids for each scenario do not vary substantially. The LHV of the 
syngas produced by EPC treatment was 3% less, and the LHV of SBMBR 3% greater than conventional 
treatment, and based on variability inherent in the model assumptions, these values are considered to be 
similar. The results show that the potential power produced for constant mass flow of one mtpd were 24, 
22, and 20 kW for scenarios a, b, and c, respectively ( in Fig. 4.3). Solids from EPC treatment produce 
approximately 8% less power than solids from conventional treatment, and the SBMBR treatment scheme 
produced 18% less power than conventional treatment. The results reflect the potential energy inherent 
within each feedstock, and demonstrate that feedstock with higher content of primary solids, which also 
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production by conventional treatment schemes. The model results for the SBMBR, which was comprised 
of more than 95% secondary solids, indicate that the power produced by gasification of solids from 
membrane systems with long solids retention times may be substantially lower than conventional 
treatment systems, which will negatively impact the environmental sustainability of decentralized 
wastewater resource reclamation. 
 
Table 4.2. Summary of parameters used to model the power produced by gasification of feedstocks from 
WRRFs with three treatment schemes: (a) conventional treatment (i.e., primary sedimentation followed by 
activated sludge biological treatment with nitrogen removal), (b) increased PCS content using enhanced 
primary clarification (i.e., ballasted flocculation followed by activated sludge biological treatment with 
nitrogen removal), and (c) influent coarse screening followed by SBMBR with nitrogen removal. The total 
mass produced in a WRRF with 19 ML d
–1
 (approximately 5 mgd) and percentage of PCS and SCS 
provide the basis for the proximate and ultimate profiles for scenarios a and b. 
Parameter Conventional EPC SBMBR 
Mass balance results    
Solids produced for a  
19 ML day
–1
 WTTP (mtpd) 
5.4 4.8 5.1 
Percent PCS 53 88 4 
Percent SCS 47 12 96 
Power produced and energy of syngas 
LHV of syngas (MJ kg
–1
) 3.84 3.71 3.92 
Net power produced per metric ton dry 
solids (kW) 
24 22 20 
Net power produced for a  
19 ML day
–1
 WTTP (kW) 
137 113 109 
 
The net power produced by a plant with 19 ML d
–1
 flow was calculated by the model to be 137, 113, 
and 109 kW for scenarios a, b, and c, respectively. The power produced by EPC treatment was 18% less 
than conventional treatment, even though the power produced for one mtpd was only 8% lower. The 
impact of lower solids generation (EPC produces 11% less solid matter than conventional) is reflected in 
the net power production for a 19 ML day
–1
 facility. The SBMBR scenario produced 20% less power than 
the conventional treatment scheme. The power produced from 19 ML d
–1
 flow is impacted by both the 
power produced per dry metric ton and the mass of solids produced; and because the solids produced by 
SBMBR is only slightly less than solids produced by conventional treatment (5%), the difference between 
the power produced per dry metric ton, and that produced by a plant with flow of 19 ML d
–1
 is less marked 
when compared to the EPC solids. 
The model results show that, in contrast to anaerobic digestion, power production by air-blown 
gasification is not enhanced by increasing the content of primary solids in the feedstock. Furthermore, for 
a specified WWTP flow, the mass of solids generated under different treatment schemes has a larger 
impact on the power produced than both the LHV of the syngas and the power produced per dry metric 





Fig. 4.3. Model simulation results of net power output for conventional, EPC, and SBMBR DNWR plants 
operating at 19 ML day
–1
 () and the net power produced by one metric ton of dry solids per day from 
each WRRF (). The proximate and ultimate profiles for each scenario do not vary substantially from 
each other, and the power produced by gasification of one metric ton of dry solids per day does not vary 
substantially. The mass of solids generated by the SBMBR plant is substantially lower than the other 





It should be noted that the gasification results from all three scenarios compare favorably to the 
potential power generation from anaerobic digestion. Based on the values provided in the literature,
5, 38, 39
 
the estimated gross power production from anaerobic digestion for design flow of 19 ML d
–1
 using 
conventional treatment (scenario a) is 114 kW, with the net electrical power production estimated to range 
from 5 to 70 kW, depending on the extent to which waste heat is used to provide thermal energy for 
heating the digesters. In contrast, each of the scenarios for gasification produced greater than 109 kW 
(net power) for a 19 ML d
–1
 plant, which is more than double the power available from anaerobic 
digestion. 
Recovering energy from WWTP solids is the objective of gasification, but the overarching goal of 
decentralized water reclamation is to develop sustainable systems, and this includes reducing the energy 
consumption and carbon footprint of wastewater treatment. Based on data provided by a Water 
Environment Research Foundation factsheet, the electrical energy requirement for a 19 ML d
–1
 (5 mgd) 
WWTP is approximately 1,260 kWh per million gallons treated,
31
 and using this estimate of electrical 
power requirements, air-blown gasification can supply up to 50% of the power requirement for a 19 ML d
–
1
 (5 Mgal d
–1
) conventional WWTP. Published literature notes that EPC could remove more solids and 
carbon than conventional primary treatment, reducing the aeration requirements for biological treatment.
5, 
38
 Galil and Rebhun
40
 found that EPC reduced biological treatment energy requirements by 23%. Thus, 
although solids from the EPC scenario (scenario b) produced 8% less net electrical power than 
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a net improvement in the energy footprint compared to a conventional wastewater treatment. In contrast, 
the SBMBR scenario produced 20% less power than the conventional treatment scheme, and does not 
provide reduced energy requirements compared to conventional treatment. 
 
4.5 Conclusions  
This research indicates that energy recovery using air-blown gasification is feasible for a wide variety 
of wastewater treatment processes. Wastewater solids were shown to have similar thermochemical 
characteristics regardless of the biological treatment system or plant flow capacity, demonstrating that 
gasification for energy recovery is feasible for many treatment schemes and merits further research. 
Although the inorganic content of solids is higher in wastewater solids than in traditional biomass 
feedstocks, the energy inherent in the solids supports energy recovery via gasification. However, the 
inorganic content of solids varies between facilities, and site-specific knowledge of the solids produced is 
needed for detailed design. The variability of ash content, both in the current study and in literature, 
requires specific knowledge of solids content and character. 
The results from this study also show that, in contrast to anaerobic digestion, feedstock with higher 
content of primary solids does not ensure greater energy production by gasification. While the power 
produced by alternative treatment schemes such as EPC or SBMBR is lower than the power produced by 
conventional WWTP solids, the difference is not great enough to preclude considering these treatment 
schemes as candidates for successful energy recovery via gasification. When other considerations such 
as energy requirements for biological treatment, solids dewatering, and tertiary treatment are considered, 
EPC may prove to have a lower overall energy requirement. 
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CHAPTER 5  
BUILDING ON PAST SUCCESSES: A NEW APPROACH TO REINVENTING THE 
NATION’S URBAN WATER INFRASTRUCTURE 
A FRAMEWORK FOR ESTABLISHING A DISTRIBUTED NON-POTABLE WATER RECLAMATION 
PROGRAM WITHIN AN URBAN UTILITY 
A manuscript submitted for publication in Water Environment & Technology (WE&T) 
 
Dotti F. Ramey
1, Frank Dick2, Tzahi Y. Cath1* 
 
5.1 Needs and challenges of distributed non-potable water reuse programs 
Pressure on the nation’s water supply is increasing due to shifts in population densities, protracted 
drought, and aging/failing infrastructure.
1-3
 In response, some utilities (especially those that have the 
financial resources) are developing a new approach, known as an integrated water catchment 
management,
4,5
 that uses distributed water supply, storm water management, and wastewater treatment 
to manage water within a utility basin. One aspect of integrated catchment management uses reclaimed 
water within the basin to offset water demand for end uses such as irrigation, groundwater replenishment, 
and wetland restoration, where non-potable water is appropriately and safely used.
5,6
 Integrated 
catchment strategies can be implemented as part of a utility expansion or as part of infrastructure 
refurbishment. By definition, integrated catchment is a locally based strategy, implemented within a 
wastewater collection sewershed or distribution pressure zone. Implementation success depends on 
tailoring water treatment (i.e., matching source water with end-use in a manner that reduces the cost of 
constructing and operating facilities), and on expanding opportunities to harvest resources such as 
nutrients and energy from the source water. 
We have examples of large utilities with abundant resources and pressing needs incorporate reuse 
projects into their water portfolio,
7-9
 but the preponderance of water utilities are small and have limited 
resources to implement such programs. Based on most updated data from 1996, roughly 80% of 
wastewater treatment plants in the U.S. were designed for flows below 4 million liters per day (0.26 million 
gallons per day).
10
 For these small utilities, technical, financial, and regulatory resources may not be 
available to develop and implement a distributed non-potable water reuse (DNWR) program. Most 
importantly, it is these smaller utilities with aging/failing infrastructure that might realize the greatest 
benefit from a DNWR program; for example, a small utility may defer capital improvement projects to  
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augment water supplies by substituting potable resources with reclaimed water for non-potable 
applications. 
A DNWR program incorporates a planning tool for assessing water demands and reuse opportunities, 
criteria for evaluating the applicability of treatment technologies, and a regulatory framework to ensure 
that DNWR facilities are constructed and operated in a manner that protects the community and 
environment. 
 
5.2 Industrial Pretreatment as a model for invigorating non-potable water reuse in small and 
large communities 
The challenge of developing a locally driven DNWR programs may be met by using a proven model 
that has a demonstrated success since its establishment—the Industrial Pretreatment (IP) program 
promulgated under the Clean Water Act (40CFR§403) as part of the National Pollutant Discharge 
Elimination System (NPDES) program. The IP program regulates facilities that discharge non-domestic 
wastewater to a local sewer utility/district. The program has been effective in reducing toxic chemicals in 
wastewater treatment plant effluent and biosolids over more than 30 years now.
11
 
The IP program has two key components that transfer well to a DNWR program. First, a technology 
assessment program conducted by the US Environmental Protection Agency (USEPA) defined standards 
for effluent limits for different categories of industries such as pulp and paper or aluminum forming. These 
Effluent Guidelines defined the best treatment technologies that were economically feasible for the 
removal of specific priority pollutants from industrial discharges—establishing common requirements for 
all facilities, regardless of their location. This approach can be applied to source water for reuse 
(blackwater, greywater, wastewater, roof runoff, stormwater, condensate, foundation water, blended 
water)
12
 and can provide a structure to evaluate tailored water treatment technologies for DNWR. 
Second, a regulatory framework for local IP programs was developed with federal funding and expertise, 
but the regulations require local implementation specific to individual utility needs.
13
 These two elements 
provided technical and regulatory expertise to local utilities, and were key to the success of the nation-
wide IP program—they can be applied to a DNWR program, assisting local utilities in plan development. 
Currently, permits for water reuse facilities are issued by state agencies, under programs specific to 
water reuse. We propose using the IP program model as a means to energize the reinvention of the 
nation’s urban water infrastructure. This could be accomplished by folding permitting and monitoring into 
the NPDES program, requiring an expansion of the local IP program to oversee the implementation of the 
DNWR facilities. A core objective of the IP regulations is to increase the opportunities to beneficially reuse 
treated wastewater effluent and biosolids;
13
 thus, there is no better way to accomplish this objective than 
to advance easily-implemented changes to existing IP programs, assisting with the development of new 




Following the example of the IP program, state regulators will still have oversight of a local DNWR 
program, establishing appropriate standards for reuse water quality, and reviewing the performance of 
DNWR facilities. Under the NPDES program, the state approves an IP program after reviewing the local 
utility’s proposed ordinances and procedures (40CFR403.8). The same procedure can serve as a model 
for a DNWR program, and the IP program can be expanded to include non-potable water reuse. 
 
5.3 Development of uniform treatment standards 
During the development phase of the national IP program the EPA agreed to control 126 priority 
pollutants from 21 industrial categories.
13
 The development process addressed specific industries 
separately, and a technical team reviewed the industrial waste streams, technologies that were available 
for treating those waste streams, and the costs of applying the technologies. The US EPA then developed 
standards for the industry (“Effluent Guidelines”) and limits on the discharges (“Categorical Standards”) 
based on the best available technology that is economically viable. While industries are not required to 
use the specific technology, the technology they select must meet the same performance standards.
13
 
This approach can easily be adapted to the DNWR facilities. For example, the National Sanitation 
Foundation (NSF) has developed a standard protocol to test and certify treatment technologies for reuse 
of residential wastewater and greywater,
14
 though their work is intended for certification, and has not been 
disseminated as standards.
12
 While the NSF protocol do not consider treatment cost or operational costs, 
the standards can serve as a foundation to more fully define the “best available technology that is 
economically achievable”. This is an illustration of how existing data and procedures can be used to 
implement a nation-wide baseline for DNWR technologies. 
Dissemination of regulatory standards on a nation-wide basis can provide important benefits to the 
water reuse industry. First, and most importantly, it can provide clear and transparent targets for 
technology development that can be applied across a multi-state reuse market, making the economic 
benefits for entrepreneurs more tangible, and promoting innovation in the industry. Second, it reduces the 
resources required at local levels to develop regulatory mechanisms for approving not-potable reuse 
technologies; and in some cases the requirements can be easily incorporated into local plumbing or 
pretreatment codes.
15
 It should be noted that using the IP program model, Categorical Standards can be 
applied verbatim—be made more restrictive in local use or a proposal may be made for less restrictive 
standards using an established protocol. This too provides autonomy to local programs while protecting 
the community’s health and environment. 
 
5.4 Permitting and monitoring of a new DNWR program  
In addition to developing an environment for innovation in tailored water treatment technologies, 
consolidating the permitting of DNWR facilities under the IP program is a natural extension of the IP 
program. As part of the development review process for new facilities, the IP staff evaluates the potential 
impact on the conveyance system and treatment plant. For example, conditions of low flow in a 
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conveyance system near the facility may preclude the discharge of treatment solids to the sewers, and 
require onsite solids treatment or solids trucking. Similarly, aqueous residuals with high salinity may be 
acceptable to some wastewater treatment plants, but may adversely impact the biological process at 
other plants. It is the IP staff that develops discharge permits, and the extension of their responsibilities to 
developing a permit for the production of reuse water is a logical and efficient use of staff time. 
Similarly, an IP discharge permit includes a monitoring and reporting plan to allow the IP staff to 
check flow, wastewater strength, and other specific concerns at the facility. In the event that a “No 
Discharge” permit is issued, there are still reporting requirements to confirm that no wastes are 
discharged to sewers. The local permit requirements can be expanded to include reclaimed water 
monitoring based on the facility’s reuse permit, with the required quality of the reclaimed water developed 
at the state level, but monitored by the IP program at the local level. A vehicle for state oversight of the 
reuse water production can be provided in an annual report—IP programs are required to write and 
annual report, presenting an overview of industrial dischargers and the results of the discharge monitoring 
program. The annual report can be expanded to include data on production of reuse water and other 
resource recovery activities, as a means of addressing the IP program objective of increasing the 
beneficial reuse of treated effluent. 
The streamlined permitting provides a cohesive permit vehicle for a DNWR facility, reducing the 
regulatory complexity of operating a water reuse plant, and simplifying permit renewal procedures. The 
familiarity of the IP staff with an industrial facility (and by extension, a water reuse facility) is a valuable 
asset for troubleshooting plant discharge problems and developing solutions to minimize interruptions due 
to permit noncompliance. Having a single permit for a DNWR facility increases the efficiency of the 
operations and reduces potential conflicts that might arise from conflicting regulatory rulings. 
One of the most difficult aspects of developing a new program at the state or local level is funding for 
the staff required to implement the program. Incorporating reuse facilities into an IP program allows the 
existing staff to administer the program when it is still new, which makes a new DNWR program more 
economically feasible. Furthermore, under the IP regulations a utility is required to provide a funding 
mechanism to implement the program, and this is accomplished through sewer use fees, permit fees, or 
enforcement fees. Incorporating a DNWR program into an existing IP program allows the funding to 




The current state of DNWR is a patchwork of regulations, treatment strategies, and even regulatory 
language. From a technology innovation standpoint, this variability presents confusing and inconsistent 
requirements for treatment performance and impedes the development and rollout of new technologies 
for tailored water treatment. From a local utility perspective, the effort and cost of developing and 
administering a new program may be prohibitive, and it may be difficult to garner sufficient voter support 
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for implementation. The basic facets of an IP program (nation-wide and local) make it ideal for 
implementing a DNWR program. Although water needs vary across the United States, the basic 
characteristics of source water and needs for reuse water are consistent. Expanding the NPDES program 
to include permitting and monitoring non-potable water reuse at the local level, under the auspices of the 
IP program provides protection of human health and the environment, and a sensible means to address 
the needs of the local community. Establishing a program similar to the Effluent Limitation Guidelines 
tailored to non-potable source water and reuse requirements would provide continuity and be a great 
stimulus for the development of new treatment strategies and technologies. 
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CHAPTER 6  
CONCLUSION 
 
The focus of this dissertation was the development of unique treatment strategies at small, distributed 
water reclamation facilities, as a means to stimulate the development of local non-potable water reuse. 
Key to the success of the research was the ability to modify established technologies that are likely to be 
accepted by wastewater treatment utilities. This was accomplished through altering operating conditions 
to provide reclaimed water for different end uses. 
 
6.1 Hypoaerobic treatment to reduce energy and enhance surface/ground water augmentation 
We first addressed the need to reduce the energy footprint of small water reclamation plants. Using 
an SBR, a single change to the operating conditions produced water suitable for surface/ground water 
augmentation. Tests were conducted at both bench and demonstration scales, helping determine the 
applicability of bench-scale testing results to full-scale design and operation. At both scales, stable 
biological treatment of residential wastewater was demonstrated using hypoaerobic SBR treatment to 
remove conventional pollutants. The performance of the hypoaerobic SBRs was comparable to 
conventional SBRs in the removal of COD, ammonia, and total nitrogen. The performance (i.e., removal 
efficiencies) at demonstration scale emulated the bench scale performance. 
Measurement of the energy requirements for the bench-scale test equipment was not feasible due to 
equipment limitations, and calculated energy use under both operating conditions overstated the energy 
reduction due to hypoaerobic treatment. At demonstration-scale testing, the actual power use and energy 
consumption were measured, and the power requirement for the blowers was reduced by 36%, with the 
blower energy consumption reduced by 27%. When the demonstration-scale results were compared to 
the bench-scale calculated energy reductions (27% and 70%, respectively) it became clear that the scale 
of energy savings was overstated at the bench-scale. 
Fewer biosolids were produced under hypoaerobic conditions, and the solids wasting from the 
demonstration-scale SB-MBR system enabled a more reliable method of measuring the biomass growth 
than the bench-scale. The reduction in the observed biomass yield at demonstration-scale was roughly 
half of the observed yield at bench-scale. For DNWR facilities using aerobic digestion of sludge to 
produce biosolids, the reduction of produced biomass may provide additional energy savings by reducing 
the aeration requirements for aerobic stabilization. However, for facilities recovering energy from the 
biomass, the reduced production may result in lower energy production. 
A significant aspect of the hypoaerobic treatment is that the treatment modification was implemented 
with no changes to aeration equipment or control algorithms, and the operation of the SB-MBR under 
hypoaerobic conditions did not require additional staff time once the concentration of MLVSS was 
stabilized, making hypoaeration a viable strategy for small, DNWR facility using limited onsite operations 
staff. Although the bench-scale system predicted the removal efficiencies of the demonstration-scale 
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system, the reductions in energy requirements and solids production were much higher in the bench-
scale studies compared to the demonstration-scale studies. 
 
6.2 EPC to produce fertigation water 
A modification to the SBR treatment system for the purpose of producing nutrient-rich water was 
investigated. In this investigation we demonstrates the ability to tailor the operation of an SBR by 
modifying the primary treatment upstream of the SBR. Coupling ferric chloride-based EPC with 
hypoaerobic SBR treatment produced water with targeted nitrogen and phosphorus concentrations that 
were suitable for application to turfgrass. The research demonstrated stable biological treatment over the 
114-day test period. 
EPC reduced carbonate-based alkalinity, which limited the conversion of ammonium to nitrate, and 
reduced the organic concentration of the wastewater in the SBR by removing particulate and colloidal 
organic material. The COD remaining in the EPC effluent was easily reduced during the first phases of 
the biological treatment cycle, and created a carbon-deficient environment, which inhibited denitrification 
in subsequent phases. This, coupled with reduced carbonate alkalinity, produced a nitrogen-rich water. 
Ferric chloride also reacted with dissolved phosphorus in the wastewater to produce solid-phase 
phosphorus compounds, which precipitated from the wastewater. By adjusting the ferric chloride dosed to 
the EPC system, fertigation water with an average TIN concentration of 13.9 mg N L
–1
 (ideal range: 11-25 
mg N L
–1
) and a balanced N:P ratio of 10.5:1 (target: 7:1 to 11:1 mg-N:mg-P2O5.) was produced. The 
concentrations of trace nutrients present in the wastewater influent were not substantially changed by the 
EPC-SBR treatment and were present in the fertigation water. 
The addition of ferric chloride is a unique approach to limiting nitrogen removal; instead of increasing 
aeration to limit denitrification, organic carbon is removed, and carbon deficiency limits denitrification. 
Similarly, instead of reducing nitrification by reducing biomass to extremely low concentration, inorganic 
carbon is removed from the wastewater, and carbon becomes the controlling substrate for nitrification. 
Because coagulation is a chemical process, it can be started and discontinued as needed to more easily 
match the needs of the end-user. However, the responsiveness of the SBR biomass to the change in 
primary clarifier effluent was not investigated in this research. 
A driving factor in the SBR stability was the chemical reactions between ferric chloride and the 
wastewater influent, which removed carbonate-based alkalinity and produced hydroxide-based alkalinity. 
Ferric hydroxide, a weak base, provided pH-buffering capacity but did not contribute carbon for the 
conversion of ammonium to nitrate. Thus, the product, fertigation water, contained both ammonium and 
nitrate, and the pH was stable throughout the study. 
The configuration of the EPC treatment demonstrated the ability to enhance primary treatment with 
only moderate changes to typical treatment units found in a wastewater treatment plant. Ferric chloride 
was injected into a rapid mix chamber that mimicked the operating conditions of an aerated grit-removal 
unit, requiring only chemical storage and dosing equipment to initiate the change. Flocculation was 
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provided by injecting polymer just before the coagulated water entered the conveyance line from the rapid 
mix to the clarifier, and also in a mixing zone in the clarifier. The mixing zone (an inverted cone in the test 
equipment) was intended to mirror the gentle mixing within the baffle/feed wall of a circular clarifier. This 
strategy did not require additional mixing, and the only additional equipment needed to implement 
polymer addition would be chemical storage with mixing and chemical dosing pump. Thus, the EPC 
modifications are suitable for retrofitting existing treatment plants, or they can be included in the design of 
new facilities with existing commercial equipment. 
 
6.3 Air-blown gasification of wastewater solids 
The last part of the study explored the potential to recover energy from solids at small wastewater 
treatment plants, and the potential to increase the energy production by increasing the portion of primary 
sludge in the plant-wide solids. Air-blown gasification is a commercial technology used to recover energy 
from biomass such as wood waste, and this research explored expanding the feedstocks for air-blown 
gasification to wastewater solids. The research also explored applying practices used for biogas 
production through anaerobic digestion (i.e., increasing energy production by increasing primary solids in 
the digester feed) to air-blown gasification of wastewater solids. 
The results of the model developed as part of the study indicated that energy recovery using air-
blown gasification is feasible for a wide variety of wastewater treatment processes. Wastewater solids 
from a broad array of treatment technologies, each of which impacts the organic content of solids 
differently, were shown to have similar thermochemical characteristics regardless of the wastewater 
treatment technology or plant size. These results are encouraging in that the market for air-blown 
gasification of wastewater solids is not restricted by the treatment technologies employed by wastewater 
treatment plants. Based on the economic evaluation, air-blown gasification is feasible for plants with flow 
as low as 8 ML d
–1
 (2.1 Mgal d
–1
). 
The results from this study also showed that in contrast to anaerobic digestion, feedstock with a 
higher portion of primary solids does not produce more energy through air-blown gasification. The model 
results comparing power produced by solids generated by a conventional activated sludge (CPC coupled 
with SBR) system to solids generated in an EPC-SBR system showed that the net power produced by an 
air gasification system was 25 kW and 24 kW per dry metric ton, respectively. The lack of difference in 
power production is explained by the fact that air-blown gasification converts up to 88% of the volatile 
solids in the wastewater solids, and the high temperatures of the reactor converts the organic matter to 
syngas regardless of the degree of biodegradability. Conversely, anaerobic digestion typically reduces 
the volatile content by less than 40%, and is highly impacted by the biodegradability of the feedstock. 
Thus, the higher content of biodegradable volatile solids in primary sludge increases the conversion to 
biogas. 
The air-blown gasification model was used to compare the net power produced by plants with similar 
flow (19 ML day
–1
 (5 Mgal d
–1
)), employing different treatment systems (CPC-SBR and EPC-SBR). The 
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EPC-SBR treatment system solids production was reduced by 11% compared to the CPC-SBR system, 
and the calculated power production was 137 kW and 113 kW, respectively. Solids from the EPC-SBR 
treatment produced 18% less power than a CPC-SBR system. However, while the power production was 
lower for EPC-SBR treatment, other factors associated with EPC-SBR treatment such as energy 
requirements for biological treatment and solids dewatering may result in lower overall plant energy 
requirement, which would offset the lower energy production potential. 
Overall, the modeling and sample analysis campaigns demonstrated the technical and economic 
feasibility of recovering energy from solids at DNWR facilities with flow greater than 8 ML d
–1
 using 
existing commercial technologies. For DNWR programs with several small facilities that have flow below 8 
ML d
–1
, gasification could be implemented on an area-wide basis to provide economical energy recovery. 
One or all the initial unit processes in a gasification system (i.e., solids dewatering; drying; and briquette 
formation) can be performed at individual DNWR facilities. The conditioned solids are then transported to 
a local gasification facility for energy recovery. Optimally, solids from DNWR facility would be dewatered 
and dried to reduce odors and truck traffic from the facilities. While briquetting at individual sites would 
reduce the potential for nuisance dust, it could take place at the central facility if needed. 
 
6.4 Extension of research 
While the research presented here demonstrates the feasibility of hypoaerobic treatment, EPC, and 
air-blown gasification, further testing is needed to more fully develop an understanding of environmental 
impacts and design parameters. The research might be expanded by exploring additional end-uses of 
reclaimed water, and investigating methods to tailor the SBR treatment to meet end-use specifications. 
The environmental impact of hypoaeration should be further investigated to determine if greenhouse 
gas emissions are increased. A life cycle assessment (LCA) is a valuable tool that can be used to 
evaluate the potential greenhouse gas emission reductions realized by reducing the energy consumption. 
An LCA study coupled with testing and monitoring the production of nitrous oxide gas under hypoaerobic 
conditions will be highly beneficial for understanding potential negative environmental impacts of 
hypoaeration. 
Additional energy savings may be realized by optimizing conditions of hypoaerobic treatment (e.g., 
increasing the F:M ratio, or reducing the duration of the aeration sub-phases). While the results of the 
hypoaerobic treatment research are encouraging, our understanding of the changes in microbial yield and 
substrate uptake rates under hypoaerobic conditions needs to be refined to provide a basis for design of 
full-scale systems. 
The production of fertigation water via EPC-SBR would benefit from further testing to evaluate the 
time needed to transition from fertigation water production to surface/ground water production. If the SBR 
treatment can be optimized so that the time needed to decrease effluent nutrient concentrations is 
reduced, then the viability of the DNWR facility will be greatly increased. The possibility of varying the 
coagulant dose to produce fertigation water with higher TIN concentrations should also be investigated to 
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expand the potential markets for fertigation water, and to gain better understanding of the maximum 
nitrogen concentration attainable. 
Air-blown gasification of wastewater solids offers substantial benefits to small DNWR facilities, but 
there is little information in the literature to support a full-scale system. Testing at bench and pilot scales 
is needed to evaluate the efficacy of wastewater solids treatment, the measured energy content of the 
syngas produced through gasification, and the impact of coagulant addition on the air-blown gasifier 
operation and syngas production. A techno-economic evaluation of performing only preliminary treatment 
operations (i.e., dewatering, drying, briquetting) at individual DNWR facilities followed by transportation to 
a centralized gasification facility is needed to establish the true flexibility of an area-wide gasification 
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Phase  Fill React Settle Decant 
Blower  OFF ON OFF ON OFF 
Mixer ON OFF 
Cycle time (min) 0-20 20-60 60-75 75-90 90-110 110-120 
Fig. A1. Typical schedule of phases and sub-phases during the bench-scale SBR testing. The total 
aeration time “ON” during the HDO-B test was 50 minutes and 55 minutes during the LDO-B test. The 





      Phase  React/Fill React     React/Draw 




      Phase  React/Draw React/Fill React   
Blower  OFF ON OFF OFF ON OFF ON 
Mixer ON 
Cycle time (min) 0-60 60-120 
Fig. A2. Treatment phases and sub-phases in each bioreactor during a treatment cycle in demonstration-
scale testing. The length of the aeration and non-aeration sub-phases within the ‘react’, and ‘react/draw’ 









Fig. A3. Effluent concentration for (a) standard conditions (HDO-B) and (b) hypoaerobic conditions (LDO-
B). Steady state was achieved when the effluent concentration of ammonium was equal to or less than 5 
mg N L
–1
, and COD less than 40 mg L
–1
. Steady-state conditions were established on day 14 of HDO-B 
testing and day 15 of LDO-B testing. 
 
 
Fig. A4. Comparison of DO profiles for the bench-scale HDO-B and LDO-B tests. DO concentration 
control set points were 1.8 and 2.1 mg L
–1
 for HDO-B and 0.7 and 0.8 mg L
–1
 for LDO-B tests. The 
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Fig. A5. Demonstration-scale effluent ammonium, TN, and COD concentrations under (a) standard 
conditions (HDO-55) and (b) hypoaerobic conditions (LDO-55). Data show that COD steady state was 
achieved from the first day of each test condition and that effluent concentrations were less than half of 
the target concentration. During the LDO-55 testing, all effluent concentrations were below target levels 




Fig. A6. Evaluation of NO2/NO3 ratio and nitrite accumulation under hypoaerobic conditions. The very low 
NO2/NO3 ratio in the effluent shows that nitrite did not accumulate under hypoaerobic conditions and SND 
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Table B1. Water characteristics for fertigation water. Nutrient values are based on requirements of 
California Title 22 for unrestricted irrigation, and values for fertilizer concentrations found in the Literature, 
as noted. Disinfection requirements are not included. 
Parameter Value  Notes Ref. 
COD 40 mg L
–1
 Oxidized water had BOD5 of 30 mg L
–1
 and  
BOD/COD ratio of 0.75. 
1
 
Nitrogen 11–25 mg N L–1 
22–28 mg N L–1 
Based on 12-month growing season 














Phosphorus 1–3.6 mg P2O5 L–1 Based on N:P profile 4, 6  
Phosphorus 1.3–4.8 mg PO4 L–1 Conversion  
pH 6.0–8.0 
6.5–8.4 
Protective of crop foliage root growth 






Phase  Fill React Settle Decant 
Blower  OFF ON OFF ON OFF 
Mixer ON OFF 
Cycle time (min) 0-20 20-60 60-75 75-90 90-110 110-120 
Fig. B1. Typical schedule of phases and sub-phases during the bench-scale SBR testing. The phase 
length and aeration sub-phase lengths were controlled by the LabVIEW program.  
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Table B2. Coagulants and mixing/flocculation conditions for small batch testing using 2-L jars. Polymer 
was added to all tests at a dose of 2 mg L
–1
, with the exception of the control test. A 10,000 mg L
–1
 stock 
solution of ferric chloride was made by adding 25 ml of anhydrous FeCl3 concentrate to 975 ml deionized 
water; a 10,000 mg L
–1
 stock solution of aluminum sulfate (as Al2(SO4)3) was made by adding 19.5 g 
Al3(SO4)2•18 H2O to 980 ml deionized water, and a 20,000 mg L–1 stock solution of calcium hydroxide was 
made by adding 20 g of Ca(OH)2 to 980 ml deionized water. The polymer stock solution was made by 
mixing 2 ml of polymer with 98 ml of hot tap water and stirring overnight with a magnetic stirrer. Based on 
test results, optimum were determined to be 60 mg L
–1





Test  Coagulant Small batch testing doses 
(mg L
–1
 as salt) 
Conditions 
Control None  1.5 hr settle 
 
Ferric Ferric Chloride (FeCl3) 60 mg L
–1
 as FeCl3 Rapid mix 2 min @ 210 rpm; 
Floc  
0 min @ 100 rpm,  
10 min @ 60 rpm,  
10 min @ 15 rpm;  
settle 30 min 
 
Alum Aluminum sulfate 
(Al2(SO4)3 




 as (Al2(SO4)3 Rapid mix 2 min @ 210 rpm;  
Floc 10 min @ 80 rpm,  
10 min @ 40 rpm,  
10 min @ 15 rpm;  
settle 30 min 
 




 as Ca(OH)2 Rapid mix 3 min @ 210 rpm;  
Floc 10 min @ 100 rpm,  
10 min @ 80 rpm,  
10 min @ 25 rpm;  




Fig. B2. Jar test results for coagulant screening. Turbidity was used to identify the optimal dose for (a) 
alum, (b) ferric chloride, and (c) calcium hydroxide. The turbidity curves show typical characteristics and 
the optimal doses, based on the turbidity readings were 60 mg L
–1
 Al3(SO4)2, 40-60 mg L
–1
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Table B3. Average effluent concentrations during small batch tests. The effluent characteristics of the 
wastewater subjected to EPC testing are summarized. The monthly averages effluent concentrations of a 
full-scale EPC wastewater treatment plant (Point Loma Wastewater Treatment Plant)
8
 is also provided as 
a reference. Each EPC treatment was more effective than CPC in reducing TSS and COD, and are within 
the range of monthly averages from the Point Loma plant. Ammonium (NH4
+
) effluent concentration of 
ferric chloride and aluminum sulfate treatments was similar to the control (CPC) and higher than the Point 
Loma plant; yet, calcium hydroxide was more effective in removing ammonium. Phosphorus and alkalinity 
























Influent 242±59.3 449±122 48.8±10.1 30.4±12.8 256±77 8.0 
Control (CPC) 83.0±9.3 267±39.0 57.5±1.6 32.6±2.5 -- 7.6 
Alum 13.4±1.0 142±12.1 40.1±3.5 2.25±0.24 121±13 6.7 
Ferric chloride  41.3±8.4 169±23.6 40.5±1.4 1.66±0.08 152±36 6.7 
Calcium hydroxide 30.2±11.7 165±38.1 31.5±3.9 2.56±1.90 209±40 10.2 
Point Loma 27–43 158–193(1) 34.5 15.9(2) 284 >7.1 
(1) COD is calculated based on BOD5 concentration range of 95–116 mg L–1 and a BOD5 to COD ratio of 0.6. 
1. (2) Point Loma effluent is reported as “P” and converted to “PO4” 
 
 
Table B4. Comparison of COD and DOC in the influent primary effluent. Primary clarification using three 
coagulants was performed on a common influent to provide a direct comparison of organic removal 
efficiency. As expected, the COD of the EPC tests were lower than the control (CPC). However, the EPC 
treatments did not reduce the dissolved organic content (DOC) of the wastewater; the DOC of the ferric 
chloride EPC effluent was unchanged was increased with Alum and lime treatments. The lack of DOC 
reduction indicates that EPC alone is not likely to produce an “oxidized” effluent as described in California 
















Influent  500 34.7 
  
Effluents     
Control 267 34.2 47 1.44 
Ferric 134 34.4 73 0.76 
Alum 110 40.2 65 –15.9 
Calcium hydroxide 176 54.3 –11.1 –56.5 




Table B5. Inorganic constituents found in the batch test influent and effluent of the coagulants tested. 
Inorganics are listed by name alphabetically, with compounds listed in by the USEPA presented first, and 
other inorganic elements provided at the bottom of the table. All elements listed are below the 
recommended concentrations outlined by the US EPA in the Guidelines for water reuse [USEPA 2012], 
and the effluent potassium concentration provides a N:K profile of 2:1 to 4:1 mg N:mg K2O, while the 
optimal range reported by Hagin and Sneh is 1:1 to 3:1.
4
 The sodium to calcium ratio of all effluents is 
below 3, indicating that long-term irrigation with the EPC effluent will not cause structural soil damage. 
The addition of ferric chloride increased the chloride concentration in the effluent more so than the 
addition of alum or calcium hydroxide, and all EPC effluents have chloride concentrations that might 
produce “moderate” impact to crops.1 
Constituent Ferric chloride Aluminum sulfate Calcium hydroxide Application
(1)
 
















Aluminum 0.0814 0.0497 0.0660 0.0877 0.0813 0.0506 5.0 
Arsenic <0.0042 0.0069 <0.0042 0.0076 <0.0042 <0.0042 0.10 
Beryllium <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.10 
Boron 0.1573 0.1518 0.1400 0.1177 0.2662 0.2172 0.75 
Cadmium <0.0003 <0.0003 0.0004 0.0004 <0.0003 <0.0003 0.01 
Chloride 76.00 140.00 71.20 76.00 75.80 74.70  
Chromium <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 0.002 0.1 
Cobalt <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 0.05 
Copper 0.0197 0.0160 0.0171 0.0147 0.0180 0.0174 0.2 
Fluoride 0.67 0.55 0.37 0.45 0.70 0.47 1.0 
Iron 0.0292 0.1399 0.0257 0.0668 0.0158 0.0101 5.0 
Lithium 0.0225 0.0212 0.0227 0.0230 0.0242 0.0211 2.5 
Manganese 0.0199 0.1098 0.0113 0.0192 0.0114 0.0020 0.2 
Nickel 0.0067 0.0091 0.0034 0.0049 0.0037 0.0032 0.2 
Lead <0.0018 0.0066 0.0038 0.0024 <0.0018 <0.0018 5.0 
Selenium <0.0061 <0.0061 <0.0061 <0.0061 <0.0061 <0.0061 0.02 
Vanadium 0.0015 0.0006 0.0007 0.0008 0.0006 0.0019 0.1 
Zinc 0.2162 0.1568 0.1146 0.1285 0.1082 0.0383 2.0 
Molybdenum 0.0008 0.0031 0.0020 0.0015 0.0059 0.0038 0.01 
Sodium 62.33 60.13 59.89 56.34 73.75 63.62 
(2) 
Calcium 53.30 52.17 52.80 50.75 58.13 49.94 
(2)
 
Potassium (K) 12.34 11.69 13.77 12.70 13.24 12.05  
Potassium (K2O) 14.81 14.03 16.52 15.24 15.89 14.46 
(3)
 
Magnesium 15.90 15.67 16.00 15.20 17.17 9.194  
Sulfur 47.52 47.10 49.94 75.3 52.35 48.10  
(1) Source: [USEPA 2012 Table 3-5] unless otherwise stated 
(2) Water with sodium to calcium ratio greater than 3.0 may contribute to structural deterioration of soil, reducing the capacity to 
transmit water to the root zone. 
(3) The optimum N:K is 1:1 to 3:1 when potassium is expressed as K2O [Hagin & Sneh]. The ratio of potassium in the primary 
effluents (31.5-40 mg N L–1, 9.2-15.9 mg K2O L




Table B6. Evaluation of trace nutrients in primary effluent of coagulants evaluated in small batch testing. 
Three samples of each effluent were analyzed for inorganic constituents and the average concentration 
reported. Hagin et al.
4
 provide three examples of trace nutrient concentrates used for fertigation, and the 
concentrations were normalized to molybdenum. In our data, ferric chloride and alum have profiles similar 
to Hagin et al., with iron being present in suitable concentrations, but zinc present in excess. Calcium 
hydroxide effluent is different, with zinc proportional to molybdenum, but iron, manganese and copper 
present in much lower concentrations than would be used in commercially prepared fertigation solutions. 
Test Results 
 




 ratio mg L
–1
 ratio mg L
–1
 ratio 
Iron 0.1399 45.1 0.0670 44.7 0.0101 2.7 
Manganese 0.0192 6.2 0.0192 12.8 0.0020 0.5 
Zinc 0.1568 50.6 0.1285 85.7 0.0383 10.1 
Copper 0.0160 5.2 0.0150 10.0 0.0000 0.0 














Iron 12.2 50.8 5.5 36.7 40.5 36.8 
Manganese 5.2 21.7 2.7 18.0 20.2 18.4 
Zinc 1.8 7.3 1.4 9.0 10.1 9.2 
Copper 0.5 2.3 0.2 1.3 1.5 1.4 
Molybdenum 0.2 1.0 0.2 1.0 1.1 1.0 





Table B7. Molar-based ratios of carbon, nitrogen, and phosphorus in EPC supernatants. The EPC 
effluents dramatically altered the nutrient profile in the effluent. While the concentration of phosphorus is 
greater than the half-saturation constant of 0.2 µmol P L
–1
 (0.006 mg P L
–1
, 0.019 mg PO4 L
–1
) reported in 
the literature,
9
 the impact of the change on the biological process is unknown. 
 
C N P 
Control 20 11 1 
Fe 164 203 1 
Al 141 180 1 






Fig. B3. Results of jar testing on wastewater influent to establish (a) alkalinity and (b) phosphorus 
removal as a function of ferric chloride dose. The best fit line for phosphorus removal was linear for the 
doses considered, which is in contrast to equations provided in the literature which is follow a log-normal 
curve.
10
 However, for the purpose of estimating an appropriate dose, the linear relationship was sufficient. 
Alkalinity removal also demonstrated a linear relationship with 0.85 mg of alkalinity removed per mg of 
ferric chloride dosed, which compares well to stoichiometric calculation of 0.93 mg alkalinity removed per 
mg of ferric chloride dosed. 
 
  
y = 0.8465x 




























FeCl3 dose (mg/L-FeCl3) 
(a) 
y = 0.1343x + 5.898 































Table B8. Inorganic constituents found in the influent, primary effluent, and final effluent (after biological 
treatment) of continuous EPC-SBR testing. Analyses were conducted at the beginning and after two 
months of continuous treatment of a common effluent by conventional (CPC) and EPC primary treatment. 
The testing was conducted on common influent and provided insight into how conventional the addition of 
a coagulant impacted the effluent characteristics compared to using conventional primary clarification. 
The inorganic content was evaluated for trace mineral, and for potential detrimental impacts. 





) Day 1 Day 35 Day 1 Day 35  Day 35  
Aluminum <0.0045 <0.0045 <0.0045 <0.0045 (mg L
–1
) <0.0045 5.0 
Arsenic <0.0042 0.0139 0.0099 0.0180 5.0 0.0206 0.10 
Beryllium <0.0001 <0.0001 <0.0001 <0.0001 0.10 <0.0001 0.10 
Boron 0.1556 0.0737 0.1135 0.1440 0.10 0.1905 0.75 
Cadmium 0.0005 0.0008 0.0006 0.0006 0.75 0.0004 0.01 
Chloride 82.6 111 143 159 0.01 166  
Chromium 0.0016 0.0011 BDL 0.0009  0.0007 0.1 
Cobalt <0.0003 0.0004 0.0007 0.0008 0.1 0.0010 0.05 
Copper 0.0077 0.0041 0.0015 0.0024 0.05 0.0007 0.2 
Fluoride 0.64 0.60 0.61 0.60 0.2 0.6 1.0 
Iron 0.0433 0.0200 0.1331 0.2439 1.0 0.0225 5.0 
Lithium 0.0188 0.0257 0.0197 0.0251 5.0 0.0246 2.5 
Manganese 0.0131 0.0122 0.0737 0.0459 2.5 0.0464 0.2 
Nickel 0.0058 0.0031 0.0099 0.0054 0.2 0.0048 0.2 
Lead 0.0042 <0.0018 <0.0018 <0.0018 0.2 <0.0018 5.0 
Selenium <0.0061 <0.0061 <0.0061 <0.0061 5.0 <0.0061 0.02 
Vanadium <0.0027 <0.0027 <0.0027 <0.0027 0.02 <0.0027 0.1 
Zinc 0.1215 0.0504 0.0809 0.0499 0.1 0.0244 2.0 
Molybdenum 0.0081 0.0023 0.0232 0.0031 2.0 0.0012 0.01 










Potassium (K) 13.4125 15.9784 12.8039 15.0237 
(2)
 13.5867  
Potassium (K2O) 16.1581 19.2492 15.4248 18.0991  16.3679 
(3)
 
Magnesium 12.8753 13.0568 13.0131 12.9204 
(3)
 12.7618  
Sulfur 34.2887 35.8552 32.5272 33.8496  35.9886  
(1) Source: [USEPA 2012 Table 3-5] unless otherwise stated 
(2) Water with sodium to calcium ratio greater than 3.0 may contribute to structural deterioration of soil, reducing the capacity to 
transmit water to the root zone. 
(3) The optimum N:K is 1:1 to 3:1 when potassium is expressed as K2O [Hagin & Sneh]. The ratio of potassium in the primary 
effluents (31.5-40 mg N L
–1
, 9.2-15.9 mg K2O L
–1
) is close to the optimal range, providing a balanced N:K profile.   
 
 
Table B9. Evaluation of trace nutrients in primary and final effluent from continuous EPC-SBR testing. 
Samples were collected at the onset of biological testing and after 35 days of continuous operation. When 
compared to the examples of trace nutrient concentrates used for fertigation,
4
 zinc and manganese are 
present in excess, and iron is lower than ideal ratios, with copper present near ideal proportions to 
molybdenum. 
Nutrient SBR effluent Literature 









Iron 0.0274 12.0 0.0225 19.1 37-51 
Manganese 0.0729 32.1 0.0464 39.3 18-22 
Zinc 0.1501 66.1 0.0244 20.7 7-9 
Copper 0.0040 1.8 0.0007 0.6 1.3-2.3 





Table B10. Comparison of measured conductivity and calculated salinity over the course of treatment (43 
days for conventional primary clarification, 114 days for EPC). Analysis of conductivity and salinity in the 
EPC and CPC treatment systems. The conductivity and temperature of a sample were measured after the 
composite sampling was complete, and because the samples were stored in ice during the composite 
collection time, the salinity calculation included a correction for temperature. 
 Conductivity (µS cm
–1




Influent CPC Effluent EPC Effluent  Influent  CPC Effluent EPC Effluent  
Start 952 764 808 906 677 744 
End 899 798 787 788 860 764 
Average 946 714 802 877 680 709 
  Stdv 106 119 66 97 124 112 
  cv 11 17 8 11 18 16 
Max 1069 896 903 1055 860 1039 
Min 583 471 690 664 447 566 
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Simulation of power production with air-blown gasification 
An ASPEN Plus ® model was developed to simulate an air-blown gasification system with electricity 
production using a reciprocating engine-generator (Fig. C1). Solids enter the system at 80 %wt water 
content from an upstream centrifuge. The solids are dried in a direct-contact dryer where hot gases 
recycled from the syngas cooler and engine exhaust provide heat to evaporate water, drying the solids to 
10 %wt water content. Dried solids are briquetted and fed to the gasifier where they undergo a series of 
reactions (drying, pyrolysis, combustion, gasification). Air is introduced to the gasifier to combust a portion 
of the fuel, providing heat for the reactions. The quantity of air is determined dynamically by burning only 
the minimum amount of fuel solids to satisfy the gasifier energy balance. The syngas produced in the 
gasifier is cooled from the gasifier temperature of 850 °C to 150 °C by air in a heat exchanger. Cool 
syngas is cleaned by a bag filter (which is not modeled in detail) and a wet scrubber to filter particulates 
and condense tars. The cleaned gas is used to fuel a reciprocating internal combustion engine, which 
drives an induction alternator to produce electrical power. A utility burner is included to provide 
supplemental heat to the dryer by burning a portion of the syngas if energy in excess of that supplied by 
the recycled exhaust streams is necessary for drying. Dryer exhaust, containing recycled gases and 
evaporated water, is discharged to the surroundings at approximately 64 °C. Full details about system 






















Fig. C1. Process schematic of Aspen Plus ® model of air blown gasification. Components of model 
include: 1. dryer, 2. Briquetter, 3. Gasifier, 4. syngas cooler, 5. Filter, 6. Scrubber, 7. engine-generator, 8. 
dryer heating burner. 
 
The results from bulk solid analysis of all the samples collected at the WRFs are summarized in Table C1. 
The results of proximate and HHV are summarized in Table C2. And results of the model simulations for 
the three WRF feedstocks are summarized in Table C3. 
 
 
Table C1. Summary of information about WRFs included in the study. Design flow may exceed actual 
operating flows. Site 02 retains solids in the primary clarifier to increase the generation of organic acids, 
which are then used as carbon source for denitrification. Site 06 includes anaerobic pretreatment of high-
strength wastewater followed by high-purity oxygen biological treatment, and aerobic stabilization of 
biological treatment solids. Site 01 is a decentralized, research WRF. Industrial discharges to municipal 
WRFs contribute less than 10% of plant flows for the plants sampled. 
Plant 01 02 03 04 05 06 07 
Design Flow  
ML d–1 (mgd) 























None Influent fine 
screening 
Clarification Clarification Clarification 
Biological  
System 










Stabilization  None Aerobic Anaerobic Anaerobic Anaerobic Aerobic Anaerobic 
Disposal Method City sewer Land app. Land app. Land app. Land app. Compost Land app. 
Samples PCS, WAS AES, DWS FOG, AES PCS, WAS, 
ANS, DWS 








Table C2. Bulk analysis of each sample collected per Standard Methods 2450. Total suspended solids 
(TSS), volatile suspended solids (VSS) and fixed suspended solids (FSS) were conducted on samples 
with water content exceeding 99%. Total solids (TS), volatile solids (VS) and fixed solids (FS) were 
conducted on samples that could not be filtered with reasonable effort. In most cases TS exceeded 10%, 
with the exception of solids produced using dissolved air flotation (DAF). 







 % % % 
WAS-01  8,767  7,353  1,413   83.9  16.1  
PCS-01  10,422  9,405  1,017   90.3  9.7  
       
AES-02  17,307  12,799  4,508   74.3  25.7  
SCS-02  20,027  15,421  4,606   77.0  23.0  
DWS-02     12.4  79.9  20.1  
DDS-02
*1
     84.6  56.9  43.1  
AES-03  10,781  9  1,883   82.5  17.5  
SCS-03  13,128  11  1,973   85.0  15.0  
DWS-03     19.0  83.8  16.2  
FOG-03     11.4  85.8  14.2  
PCS-04     11.9  93.4  6.6  
DAF-04     4.8  81.8  18.2  
DWS-04     20.0  76.2  23.8  
WAS-04  9,505  8,254  1,251   87.4  12.6  
PCS-05  48,697  42,845  5,852   84.3  15.7  
ANS-05  22,451  14,973  7,478   67.5  32.5  
APS-05
*2
  37,557  32,294  5,262   86.0  14.0  
DWS-05     20.2  76.9  23.1  
DAF-05     5.2  86.3  13.7  
WAS-07  5,452  4,380  1,072   80.2  19.8  
ANS-07  24,568  16,721  7,847   68.1  31.9  
PCS-07  1,589  1,208  381   76.4  23.6  
GCS-07     34.6  83.8  16.2  
DAF-07     5.9  85.3  14.7  
DWS-07     18.1  69.6  30.4  
Notes: 
1. Solid sources: WAS – waste activated sludge; PCS – Primary clarifier solids including 
thickened primary solids; AES – aerobically digested solids; SCS – Secondary clarifier 
solids; DWS – dewatered solids (centrifuged); DDS – air dried solids (dried for more than 12 
months); FOG – Fats, oils & grease; DAF – solids thickened by dissolved air flotation; ANS – 
anaerobically digested solids; APS – solids from acid phase of anaerobic digestion; and GCS 




Table C3. Results of heat value, ultimate, and proximate analyses of 17 samples. Analysis was 
completed by a commercial, certified laboratory using ASTM protocol. All values are on dry weight basis. 






H N S 
Units7 BTU lb–1 BTU lb–1 %wt. %wt. %wt. %wt. %wt. %wt. %wt. %wt. 
GCS-07 7,396 6,829 21.82 69.29 8.89 44.08 23.60 6.12 3.61 0.77 
FOG-03 10,357 9,610 11.39 81.49 7.12 55.62 20.11 8.05 4.18 0.65 
PCS-01 8,345 7,745 8.73 86.46 4.81 46.91 35.51 6.46 2.02 0.37 
PCS-04 10,067 9,363 5.73 88.07 6.20 52.42 30.96 7.60 2.74 0.55 
PCS-05 8,496 7,848 8.15 81.16 10.69 48.88 31.30 7.00 3.56 1.11 
Ave 8,969  8,319 7.54 85.23 7.23 49.40 32.59 7.02 2.77 0.68 
SD 954  906 1.59 3.62 3.07 2.79 2.53 0.57 0.77 0.39 
SCS-02 7,647  7,059 19.68 71.52 8.80 42.61 23.09 6.34 7.31 0.97 
DAF-04 7,359  6,781 19.12 72.34 8.54 43.42 22.87 6.24 6.97 1.38 
WAS-01 7,729  7,183 17.15 70.64 12.21 41.24 26.63 5.59 8.03 1.36 
WAS-04 7,258  6,681 16.70 72.82 10.48 43.60 24.13 6.22 8.17 1.18 
Ave 7,498 6,058  18.2 71.84 11.06 39.93 21.65 5.73 7.82 1.04 
SD 225 698 1.5 0.96 3.74 1.73 1.93 0.54 0.33 0.46 
AES-02 7,068  6,511 22.45 68.33 9.22 40.46 22.50 6.01 7.65 0.93 
DWS-07 6,499  5,986 23.66 61.45 14.89 38.88 23.72 5.54 7.36 0.84 
DWS-02 6,816  6,246 20.26 69.81 9.93 42.05 22.57 6.15 8.03 0.94 
DWS-04 7,216  6,651 22.87 70.75 6.38 40.67 20.66 6.09 7.87 1.84 
Ave 6,900   6,349  22.31 67.59 10.11 40.52 22.36 5.95 7.73 1.14 
SD  14   294  1.46 4.21 3.54 1.30 1.27 0.28 0.29 0.47 
Notes: 
1. High Heating value: assumes heat lost due to formation of water vapor in combustion is recovered. 
2. Low Heating Value: includes loss of heat due to water vapor formed as part of combustion. 
3. Ash is measured as residue remaining after burning the sample at 750 °C. 
4. Volatile matter is determined by burning the sample at 950 °C. 
5. Fixed carbon is calculated by subtracting the sum (expressed as percentages) of moisture, ash, and 
VM from 100. 
6. Oxygen content is calculated by subtracting the sum of the percentages of ultimate analysis elements 
and the ash content from 100. 
7. All values are dry weight basis. 
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